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Molecules with a large local magnetic moment have attracted considerable
attention for application in spintronic devices. One candidate of a suitable device goes to
the spin crossover molecule, where these 3d transition metal compounds are able to exhibit
a robust spin state transition between distinct states. By proper design, the spintronic
devices fabricated via spin crossover molecular thin films could achieve novel functionality
while retaining flexibility and other traits based on its “organic” nature.

Controlling the spin state transition is a key factor of these possibilities. This thesis
work investigates the manipulation of the spin state transition in [Fe{H2B(pz)2}2(bipy)]
molecular system. The key question is: how can we effectively control the spin state of
molecules, and how does the control inspire the future device design?

Chapter 1 provides the necessary background knowledge for molecular spintronics
and spin crossover molecular systems.

Chapter 2 explains relevant experimental techniques involved in the thesis project.

Chapter 3 focuses on the bistability and coordination dependence of the spin
crossover system. The dielectric substrate will have an influence on the local environment
of the spin state occupancy, and a surface to bulk difference in the thin film system
indicates the presence of the cooperative effect.

Chapter 4 demonstrates the variation of spin state locking effects of the molecular
additives to the [Fe{H2B(pz)2}2(bipy)] molecule, and an observation of re-entrant spin state
transition.

Chapter 5 discusses the isothermal voltage switching of the molecular spin state.
Upon forming a heterostructure of [Fe{H2B(pz)2}2(bipy)] with organic ferroelectrics, it is
applicable to achieve a room temperature nonvolatile switching of the spin state via
external electric fields. This sheds light on the fact that fabricating the molecular thin film
spintronics device is indeed possible.

Chapter 6 presents an investigation of the energy landscape of the spin state
transition. The magnetic field could lower the energy barrier between spin states for the
molecular spin crossover thin film fabricated on top of magnetic substrates.
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Chapter I.
INTRODUCTION
2021 marks the 46th year since the proposal of Moore’s law [1], and although the
evolution of computers and electronic devices [2,3] has largely continued unabated, the
end of this scaling argument is now in sight. During the past few decades, “molecular
spintronics” has been actively pursued because of the possibility of making nanoscale
devices that utilize the spin degree of freedom on the molecular scale [4–18], and thus
might be a route to continue Moore’s law. This effort has been a combination of traditional
molecular electronics with systems where the spin state matters, i.e. spintronics. Part of the
motivation is the potential for addressing the complex grand challenge of manipulating
magnetically ordered states by electrical means. The magnetic state may be switched
through voltage control, potentially without large current densities or power consumption
if the system is molecular, thus may lead to molecularly based nonvolatile device elements.
This has considerable appeal. To date, most efforts at providing magnetic memory element
solid-state devices have used magnetic spin valves or magnetic tunnel junction types of
device structures. Many of the magnetic tunnel junction structures utilize inorganic
dielectric thin films, combined with various magnetic layers, where large electrical current
densities are required to reverse the direction of magnetization of one of the magnetic layers
in the device structure [19]. This can be a big drawback. Along the goal of making a better
device of higher performance, it is the fact that there are still several questions scientists
_______________
Note: Part of this chapter’s context is published in [20]. Adapted / reproduced from [20] with permission
from the Institute of Physics Publishing.
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and engineers need to consider. Above all, computers and devices are still hungering for a
lot of energy. For example, El Capitan at Lawrence Livermore National
Laboratory, projected to be the world’s most powerful supercomputer when it is fully
deployed in 2023, is expected to need 30 megawatts of power for operation, which is about
the same consumption as 12,000 homes. Second, as an economic reflection of Moore’s
Law, Rock’s Law states that the cost of semiconductor chip fabrication plant doubles every
four years, and the price had already reached about 14 billion US dollars in 2015, which is
not a small number. Moreover, the long-discussed issues of devices being environmentally
friendly still exists, as Mg / Pd / Cr - rich substances from device wastes would have a
negative impact of environment and human bodies. With that saying, in searching of new
pathways to new electronic and spintronic devices, a good candidate would contain the
traits of being energy efficient, allowing fault tolerant simple fabrication and utilizing nontoxic materials. The molecular system, especially the spin crossover molecular family,
makes all of these possible.

Molecular systems have the possibility of providing a room temperature device on
a length scale less than 10 nm while delivering low power nonvolatile local magnetoelectric memory operations at peak (and only peak) current densities below 104 A cm−2, i.e.
reduced power consumption (potentially to be less than 3 aJ), due to the nature of low
energy barriers between the two distinct spin states. Apart from the traditional solid-state
materials, where functionality relies on crystal lattice and large-scale patterns, molecular
materials perform via localized states and the functionality relies on local coordination.
This makes the simple fabrication possible, and in future it is imaginable to have such
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molecular devices being printable via functional inks and flexible. Nonetheless, by a wise
choice of the metal centers and chemistry tailoring, it is doable to make these molecules by
cheap, abundant and non-toxic materials / elements.

The goal of this chapter is to give an overview of the spin crossover molecule for
the audience to have a general understanding of the system.

1.1. The Molecular Way

To achieve the electric, i.e. voltage, control of the magnetic properties on the
molecular scale, ideally for a single molecule (or just a few molecules) in a device structure,
there are challenges. In this regard, molecules with a large local magnetic moment have
attracted considerable attention. A large variety of organometallic and metal organic
molecules exist, with one or more transition metal or rare earth metal ions as inner magnetic
core and organic ligands surrounding the core as the shell [21,22], beginning with variants
of [Mn12O12(OAc)16(H2O)4] [23–26]. The magnetic properties of these single molecule
magnets (SMM) originate from the inner core, and often there exists a huge magnetic
anisotropy within the molecule. The remnant magnetic moment of the multiple metal atom
core complexes will depend on the alignment of the moments and the applied field. Singleion single-molecule molecular magnets frequently retain the magnetic anisotropy of the
multiple metal atom core complexes, and the dysprosium metallocene cation complex
[(CpiPr5)Dy(Cp*)]+(CpiPr5, penta-iso-propylcyclopentadienyl; Cp*, pentamethylcyclopentadienyl) exhibiting something akin to magnetic hysteresis up to 80K [27].
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As molecules, the single molecule molecular magnets (SMM) typically have a
highest occupied molecular orbital (HOMO) to lowest unoccupied molecular orbital
(LUMO) gap. Thus, condensed molecular systems have no free electron density, and there
is no medium for exchange [28,29], while intermolecular dipolar coupling is weak because
of the separation between the metal cores. Not surprisingly, few are ferromagnetic or even
antiferromagnetic as the condensed solid-state films. There is no Stoner-like exchange [30],
but rather these are local moment systems in the condensed phase and the exchange
splitting, on the molecular scale, should be insensitive to temperature. This is distinct from
another path of the choice: the spin crossover complexes [31,32], which will be discussed
in this thesis.

Chemical modification provides a desirable way to tailor the organic ligand, which
makes selective bonding to a particular surface possible [33], thus optimizing the stability
of the device and potentially can provide a specific bonding orientation. One can also
change the magnetic core and so manipulate the magnetic properties of the molecule,
without altering the structure significantly. Another way to switch the magnetization is
through quantum tunneling. This phenomenon was observed in molecular crystals in 1996
[34,35]. When an external magnetic field is applied along the easy axis of the molecular
system, the degeneracy between ms and -ms is lifted (with positive ms being shifted up and
negative shifted down), causing shifts in energy levels. In spite of the many complications
faced, there has been progress towards making a three-terminal molecular spintronic device
and the molecular spin transistor has, in fact, now been realized. There has been much
interest especially in molecular spin transistors where only a single molecule is addressed
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in the device. As reviewed in [20], these devices tend to show functionality only at very
low temperatures, but more recently, molecular thin film devices have been shown to
exhibit isothermal conductance switching even at room temperature.

1.2. An Introduction to the Spin Crossover Phenomenon

To obtain functional molecular spintronic devices, which are operational at
temperatures closer to room temperature, molecular systems exhibiting a robust spin
transition have begun to attract increasing attention [4–18]. First noted as early as 1931
[36,37], the spin crossover phenomenon, representing transitions between two
distinguishable spin states, occurs in a large variety of 3d transition metal molecular
compounds [31,32]. In these molecules, one or a few metal cores are surrounded by ligands,
with some examples shown in Fig 1.1. In spin crossover (SCO) molecular materials,
transition metal centers exhibit spin-state transitions that are driven by entropy and
structural changes [31,32,38–40]. The two electronically distinct spin states of the metal
core, usually called by the spin characteristics, that is to say the low spin state (LS) and
high spin state (HS), can be reversibly switched. The magnetic moment with the spin
crossover system can vary a lot between the low spin state (LS) and high spin state (HS).
The low spin state sometimes contains zero net spin moment and thus exhibit diamagnetic
behavior in the condensed solid state (as an ensemble of molecules), as occurs in the Fe(II)
complexes, but this depends heavily on the choice of metal center. Once there is a transition
to a high spin state with non-zero net spin, the ensemble of molecules will exhibit moment
paramagnetic behavior in the condensed solid state. In spite of the differences between the
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single molecule molecular magnets and the spin crossover complexes in the high spin state,
both are local moment molecular systems. These SCO transitions, although molecular in
origin [38], become cooperative when the molecules are coupled in a solid, yielding phasetransition-like changes of spin states and even hysteresis in the SCO transition.

Fig. 1.1 Some examples of the spin crossover molecule family. a) [Fe(1,10-phenanthroline)2(NCS)2],
frequently written as Fe(phen)2(NCS)2. b) [Fe{H2B(pz)2}2(bipy)], where H2B(pz)2 = bis(hydrido)bis(1Hpyrazol-1-yl)borate, bipy = 2,2’-bipyridine. c) [Fe{H2B(pz)2}2phen] where H2B(pz)2 = dihydrobis(1Hpyrazol-1-yl)borate. d) [Fe(HB(tz)3)2], where tz = 1,2,4-triazol-1-yl. e) [Fe(HB(3,5-(CH3)2(pz)3)2], where pz
= pyrazolyl. f) [Fe(qnal)2], where qnal = quinoline-naphthaldehyde. It is worthy to note that all of the
molecules shown in this figure could be evaporated as molecular thin films without decomposition. Figure
adapted from [41] with permission.

The nonvolatility that is possible with these local moment or spin crossover
molecular systems may require a means to "lock" the structural change of some part of the
molecular system or creation of suitable heteromolecular systems, and thus freeze the
molecule into one distinct spin state. This latter route seems promising as cooperative
effects have now been observed [42]. The intermolecular cooperative effects, if dominant,
suggest that room temperature nonvolatile molecular devices are likely to require write
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times that are longer than a nanosecond or, possibly, much longer. The molecular nature
of such devices suggests that the devices themselves might be engineered to be flexible.
Also of interest, but of lesser practical value, are devices where conductance and spin state
are manipulated by large magnetic fields.
This thesis work places an emphasis on the investigation of a particular spin
crossover molecule [Fe{H2B(pz)2}2(bipy)], where H2B(pz)2 = bis(hydrido)bis(1H-pyrazol1-yl)borate, and bipy = 2,2’-bipyridine. The schematic structure of this molecule is shown
in Fig 1.1 (b) and Fig 1.2.

Fig. 1.2 The schematic structure of the spin crossover molecule [Fe{H2B(pz)2}2(bipy)], and the schematic of
the crystal field splitting effect. Figure courtesy of Dr. Alpha T. N’Diaye.

Due to the crystal field effect of the ligand field, the Fe 3d orbital splits into two
subsets, naming as t2g and eg orbitals respectively (Fig 1.2). Depending on the electron
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occupation, there are two distinct spin states which would be metastable depending on the
environment. When the molecule is in the low spin (LS) state, 6 electrons in the metal core
(Fe) pair up into the electronic configurations of t2g6eg0, resulting in a zero-net spin per
molecule (S = 0). In the high spin (HS) state, 2 electrons populate to the previously empty
eg orbital and form a t2g4eg2 configuration, resulting in a net spin within the molecule (S =
4).

1.3. Manipulating the Spin State transition via External Stimuli

Naturally, the spin crossover transition is most typically driven by changing
temperature. For example, the [Fe{H2B(pz)2}2(bipy)] molecule resides in a low spin (LS)
state at low temperatures (below 160 K), while high spin (HS) state becomes dominant at
higher temperatures. So, a spin crossover transition from LS to HS state will occur when
the temperature is raised up above 160 K [17], this temperature has been called the
transition temperature of the spin crossover molecule. From a magnetism point of view,
this transition results in a change of magnetic property of the molecule ensemble from a
diamagnetic state (LS) to a paramagnetic state (LS). However, just by the natural transition
itself will have limited application and scientific interest, as this requires a temperature
change in a wide range, and it seems only one spin state is dominant at a given temperature.
From a previous study [17], it was demonstrated that it is possible to control the molecular
spin state to be in a naturally-unfavored state, and this processed is named as “locking” of
the spin state (Fig 1.3).
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Fig 1.3 A demonstration of locking and unlocking effects of spin crossover molecule. Considering the
[Fe{H2B(pz)2}2(bipy)] molecule, in the “natural” case, where there are no additional molecular additives nor
the presence of substrate, the spin crossover molecule will reside in the LS state when the temperature is low.
Upon heating, a temperature-driven spin crossover transition would occur and result in a HS state at high
temperature (above the transition temperature160 K for [Fe{H2B(pz)2}2(bipy)]). Any method that could lead
the spin crossover to stay at a LS state above the transition temperature is called “locking” of the spin state,
and a transition induced from a locked spin state to the naturally favored state is called “unlocking” of the
spin state.

Just as the name suggests, the spin state could be “locked / freezed” into a desired
state. For instance, the [Fe{H2B(pz)2}2(bipy)] molecule locked into a largely low spin state
configuration above the transition temperature, and this locking effect could be achieved
by mixing the molecular powder with strongly dipolar zwitterionic additives, or through a
substrate interaction when deposited as molecular thin films on dielectric substrates (SiO2,
Al2O3). In the thin film case, different choice of substrates will vary the results, for example
the molecular thin film will be locked in a very stable low spin state on top of Au substrate
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[43], and one interesting observation is that the [Fe{H2B(pz)2}2(bipy)] thin film could be
locked in either a LS state or HS state when deposited on top of an organic ferroelectric
substrate polyvinylidene fluoride with trifluoroethylene (PVDF–TrFE), depending on the
ferroelectric polarization orientation [44,45]. This SCO / Organic ferroelectric
heterostructure will be discussed in detail in chapter 5.

Fig 1.4 Various external stimuli could trigger the spin crossover transition.

Once the molecular spin state has been locked, there should be a way to unlock the
spin state and reintroduce the spin state transition, if the goal is to make a nonvolatile device.
In thermal cycles, due to the intrinsic coupling of spin state and the molecular structure
[32]. Various external stimuli can trigger SCO transitions (Fig 1.3) by perturbing either the
structure (pressure [32,40,46]) or the electronic states (light [47–53], charge injection and
electromagnetic field [15,16,54]). Particularly, a well-utilized method in our study is to use
the soft X-ray photon to initiate a transition from the low spin state to the high spin state,
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this is usually called photo-excitation, or soft X-ray-induced excited-spin-state-trapping
(SOXIESST) if the reader prefers a fancy scientific terminology. This sensitivity to
external stimuli may be exploited to realize molecular switches for next generation of
memory and processing applications [4,5,7–9,11–16,18,55] (one pathway shown in chapter
5).
From a practical point of view, to understand the principles for achieving a practical
device, it worthwhile reiterating the 6 requirements that need to be met: (1) A spin
transition between different spin states is needed. (2) To be practical, the devices need to
be amenable to manufacturing techniques, and this requires that the molecular devices can
be fabricated from thin films. (3) The ability to “lock” the spin state in a particular state
and (4) isothermally “unlock” and switch the spin state at various temperatures. (5) The
“write” operation needs to be accompanied by a read mechanism; (6) For practical
operation, the device should be able to function in the vicinity of room temperature. If spin
crossover molecules are expected to be used for solid state devices, there must be a way to
‘easily’ sense the change of the spin state so that the state could be ‘read’, and among the
most desirable read mechanisms would be a conductance change, as will be discussed in
chapter 5. The spin transition is seen to be accompanied by a conductance change, as
reviewed by Lefter et al [10]. Furthermore, isothermal changes in the electronic structure
and spin state have now been achieved for the Fe (II) spin crossover complex
[Fe{H2B(pz)2}2(bipy)] [13,17], [Fe(trz)3](BF4)2 (trz = triazole)] [9], [Fe(phen)2(NCS)2] [15]
and {Rb0.8Mn[Fe(CN)6]0.93·1.62H2O} [7] at or near room temperature. More recently,
magnetoelectric effects have been observed for NiCl2–4SC(NH2)2 [56], CuCl2·2[(CH3)2SO]
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[57] and [MnIII(pyrol)3(tren)] [58], which certainly has device implications [59], if this can
be demonstrated reliably at room temperature.
The induction of magnetization in a material by an electric field, or polarization by
an applied magnetic field, is known as the magneto-electric effect. Such magneto-electric
coupling has a long history dating back to 1894 [60,61]. Currently, magneto-electric
coupling is being explored in oxides, and of increasing interest as magneto-electric and
multiferroic materials are seen as a pathway to voltage controlled nonvolatile logic and
memory [62]. There are few investigations of magneto-electric coupling in molecular
systems, with clear demonstrations now provided for [MnIII(taa)] (H3taa = tris(1-(2-azolyl)2-azabuten-4-yl)amine) [58,63], and [MnIII(3,5-diBr-sal)2323)]BPh4 [64] which undergo a
spin state transition and accompanied by complementary theory [64,65]. Magneto-electric
coupling has also been observed in single crystals of NiCl2-4SC(NH2)2 [56]. Magnetic
fields have been seen to perturb the spin state transition in [MnIII(taa)] [66], Fe(1,10phenanthroline)2(NCS)2 [56], and the main molecule in our study [Fe{H2B(pz)2}2(bipy)]
[67]. Since these latter spin crossover systems all have a static electric dipole that changes
with a change in the spin state, the perturbation of the spin state with a magnetic field
implies the presence of magneto-electric coupling.
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Chapter II.
EXPERIMENTAL METHODS AND TECHNIQUES

Various techniques have been used to investigate the spin state of the molecular
complex. X-ray photoemission [1], inverse photoemission [2,3], X-ray absorption [2,4–7],
X-ray diffraction [7,8], Mossbauer spectroscopy [9], scanning tunneling microscopy
[10,11] and magnetometry [1–3,6,7,9,11] have all been reported to determine the spin
crossover transition. This chapter introduces several key experimental techniques which
have been used in this PhD thesis work. There are other methods in addition to those
demonstrated here, and details will be introduced along with the specific section.

2.1. Synthesis of Spin Crossover Molecule and Fabrication of Thin Films

The pristine spin crossover molecular powder samples, in particular the
[Fe{H2B(pz)2}2(bipy)], where H2B(pz)2 = bis(hydrido)bis(1H-pyrazol-1-yl)borate, and
bipy = 2,2’-bipyridine, were synthesized by Prof. Jian Zhang’s group. For a detailed
synthetic method, one can refer to [11,12].

The molecular spin crossover thin films with various thickness have been fabricated
by Dr. Xuanyuan Jiang via the physical vapor deposition (PVD) technique. This growth
technique has been performed in the ultrahigh vacuum (UHV) environment, where the
sample material is heated to the sublimation point and then evaporated to the chamber,
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following by the nucleation process on the target substrate. For the in-depth discussion of
PVD technique, one can refer to [13].

2.2. X-ray Absorption Spectroscopy

X-ray absorption spectroscopy (XAS) is an element-specific technique and can be
applied to materials in various phase (gases, liquids, and solids). Almost any material,
whether it is ordered or disordered, can be characterized by XAS to probe the geometric
and electronic structure of the material without the restriction of an ultrahigh vacuum
(UHV) environment. X-ray absorption spectroscopy probes transitions between the core
level states and empty valence states. It is not only sensitive to the element but also
chemical environments, and this technique has been intensively used for investigations of
magnetic materials when combined with X-ray magnetic circular dichroism (XMCD),
where the latter measures the size of the magnetization per atom and the relative angle
between the moment and the X-ray polarization vector.
In X-ray absorption spectroscopy, the sample is irradiated with monochromatic Xrays. It scans the radiation energy and observes the absorption of the X-ray photons. Due
to the nature of this technique, performing XAS needs intense X-rays with tunable photon
energy. Thus, the synchrotron radiation is exclusively used as a source [14], because
synchrotron radiation contains a wide energy spectrum with high brightness and flux, also
could be tuned to become highly polarized. The XAS presented in this thesis has been done
at beamline 6.3.1 at the Advanced Light Source, Lawrence Berkeley National Laboratory.
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When the energy of the incoming X-ray photon reaches a value that is sufficient to
cause an electron excitation from a bound core level to an unoccupied state, the X-ray
transition happens. Due to the electric dipole nature of this transition, selection rules need
to be applied to identify allowed transitions:

∆l = ±1; ∆ml = 0, ±1; ∆ms = 0; ∆j = 0, ±1

∆L=0, ±1; ∆S=0; ∆J=0, ±1,
For instance, the 2s → 2p transition is allowed while 2p → 3p transition is forbidden. In the
study of Fe (II) spin crossover molecular system, the XAS Fe L3 edge spectra probe the 2p
→ 3d transition. The transition probability per unit time from an initial state |i> to a final
state |f> could be described by the Fermi’s Golden Rule:

𝑃!" =

#$
ℏ

|< 𝑓|𝛜 ∙ 𝐫|𝑖 >|# ρ" (𝐸)

(2.1)

where 𝛜 is the electromagnetic wave’s polarization vector, the dot product 𝛜 ∙ 𝐫 is the
interaction operator with the dipole approximation and ρf (E) is the energy density of the
final state. As the number of nuclear charges goes up, the core electrons are bounded
stronger, thus more energy is needed to initiate the transition to a valence state. Because
the photon energies are well defined in XAS, this makes this technique element specific.
Once the transition is initiated, a core hole is created. A decay of electron in a higher
level to this hole could happen in two ways: by X-ray fluorescence or by an Auger
transition [14]. In the X-ray fluorescence process, an X-ray photon with characteristic
energy is simultaneously emitted and also obeys dipole selection rules. This photon energy
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corresponds to the energy difference between the two levels and is specific to the atom. In
the Auger process, the excess energy is taken away by another electron. Although looks
like a two-step process, it is worthy to note that the Auger process is a single quantum
mechanical transition and is also a characteristic to the atom. However, the Auger transition
is not restricted by dipole selection rules [14].
There are three different modes of measuring the XAS spectra. Historically, X-ray
absorption spectrum has been measured in a transmission geometry. When the X-ray is
transmitting through a sample of thickness d, the intensity is attenuated following:
𝐼 = 𝐼& 𝑒 '() * = 𝐼& 𝑒 '+, -

,./ *

(2.2)

where μx is the linear X-ray absorption coefficient, σabs is the X-ray absorption crosssection, ρa = NAρm / A is the atomic number density and NA is Avogadro’s number (6.02214
× 1023 mol-1). The transmitted intensity drops when the X-ray absorption channel is opened
up at the absorption edge, due to the loss of photons through core electron excitation.
The second mode is implied by secondary processes. An energetic Auger electron
will often produce a cascading of secondary electrons, and a portion of these secondary
electrons will have enough energy to overcome the work function and be able to leave the
sample. Therefore, by connecting the sample to a pico-amperemeter and measuring the
drain (yield) current comes the scheme of total electron yield (TEY) mode. The spectrum
via TEY mode is proportional to the X-ray absorption coefficient or the absorption crosssection, because the yield is directly proportional to the probability of X-ray absorption.
This detection is a popular soft X-ray technique in solid state physics and surface science,
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and it underlies the X-ray photoemission electron microscopy (PEEM), which will be
discussed in the next section. However, one has to note that TEY is a surface sensitive
mode. If the sample are treated as parallel atomic layers to the surface, the EY contribution
from the individual layers will fall off in an exponentially manner with their perpendicular
distance from the surface plane [15]. The depth below the surface of the layer whose
contribution is 1/e of that of the first layer is called the electron sampling depth λe, and
experiments show it to be about 2 nm for 3d transition metals [15]. This short value of λe
brings a high sensitivity to the near surface region, and the short scattering length of excited
electrons limits the probing depth of TEY mode to about the top 10 nm of sample [14].
Since the TEY mode measures the yield current, a conducting substrate is required.
When the sample or substrate is an insulator, noise created by charging effects will
interfere the measurement, resulting in poor spectrum quality. The third mode of XAS
measures another secondary process, which is the X-ray fluorescence generated during the
absorption. In a practical setting, samples are fabricated on top of luminescence materials
such as Al2O3, MgO, Yttrium-Stabilized Zirconia (YSZ) et al. Upon penetrating the whole
sample depth, the residual X-ray illuminates the substrate via luminescence effect, and the
emitted visible light intensity could be measured by a photo-diode. The photo luminescence
yield (PLY) mode and total electron yield (TEY) mode can be measured at the same time,
as demonstrated in Fig 2.1. Because the luminescence yield mode measures the photon
intensity, the problems caused by bad charging is dodged, and since it reflects the residual
X-ray after penetrating the sample, it probes the bulk behavior of the sample material. This
technique could deal with a sample that is about 100 nm thick. When measured at the same
time, PLY signal can be used to compare with TEY signal to reveal the surface to bulk
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difference of the sample. One thing to keep in mind that, if the target elements are present
in different layers within the sample, PLY won’t be able to tell which layer contributes to
the signal.

Fig 2.1 An illustration of the total electron yield (TEY) mode versus photo luminescence yield (PLY) mode
in terms of probing depth. While the TEY mode measures the yield current and is a surface sensitive
technique, PLY mode measures the visible light generated by the substrate luminescence effect from the
residual X-ray after penetrating the whole sample and is a bulk sensitive technique.

A typical experimental set-up of a soft X-ray absorption experiment on magnetic
materials is shown in Fig 2.2:
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Fig. 2.2 Left: Basic components of X-ray absorption and magnetic dichroism spectroscopy. The polarized,
monochromatic X-rays are incident on an intensity reference monitor consisting of a high transmission
(∼80%) metal (e.g., gold) grid that is enclosed by a cage that is positively biased relative to the sample. The
electron photocurrent from the grid, I0, measured with a pico-amperemeter, serves as a reference of the Xray beam intensity. For electron yield measurements the sample is also enclosed by a biased nonmagnetic
cage which is used to pull the photoelectrons away from the sample. The sample current I is directly measured
with a pico-amperemeter. The sample is positioned in the homogeneous field of an electromagnet which is
typically parallel to the X-ray propagation direction. The sample can be translated in the beam and rotated
about the vertical axis. Image adapted from [15] with permission. Right: The real setup of X-ray absorption
spectroscopy measurement chamber at beamline 6.3.1, Advanced Light Source, Lawrence Berkeley National
Laboratory.

The desired X-rays polarization could be selected by an undulator, and a
monochromator selects the photon energy. The X-rays then pass through a beam intensity
monitor which consists of a metal grid surrounded by a wire cage, both made from
nonmagnetic materials and coated with a material, often chosen to be gold, that has no
prominent absorption edges in the range of investigation. The grid inside the cage is chosen
to have a large number of fine metal wires within the beam diameter to minimize intensity
changes with beam drifts, and typically absorbs about twenty percent of the incident Xrays. The cage consists of a coarser grid and is positively biased (∼ +20 V) to pull off the
photoelectrons from the grid inside [15]. The electron current, in the order of nA, flowing
back to the grid from ground is measured with a pico-amperemeter and it serves as the
beam intensity signal I0. Finally, the monochromatic X-rays are illuminated to a spot on
the sample, depending on the synchrotron source the beam profile could vary. For beamline
6.3.1 at Advanced Light Source, Lawrence Berkeley National Lab, the beam size is about
200 μm x 80 μm and the photon flux is on the order of 1011 photons/sec/0.1%BW. The
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sample is positioned in the center of an electromagnet or superconducting magnet, with the
field axis typically aligned along the horizontal beam direction. The sample can be rotated
in the beam about a vertical axis. In TEY mode, the drain current of the sample is measured
with a pico-amperemeter, and a biased metal cage around the sample is used to pull out the
photoelectrons from the sample. The biased cage has another benefit in that it minimizes
the effect of the magnetic field on the measured sample current. The plot of Ie / I0 versus
incident photon energy from a TEY measurement is thus an X-ray absorption spectrum.
This intensity is directly proportional to the X-ray absorption coefficient or cross-section.
In most cases, the spectral intensity is in arbitrary units.
Once generated, XAS spectra can be decomposed into three part, with different
information hidden beneath [14]:
(1) The first part is the pre-edge region, and it contains the background due to transitions
from a lower absorption process.
(2) The second part is the resonances near the absorption edge, and is often called X-ray
Absorption Near Edge Structure (XANES), or Near-Edge X-ray Absorption Fine Structure
(NEXAFS) in some literatures. This part covers the actual edge and to about 30 eV beyond
the edge, and is element specific and sensitive to oxidation states / coordination. XANES
probes the transition between a core state and localized valence states, with selection rule
implied. For transition metal compounds, the L3 edge (2p core to 3d valence states) is
probed in most cases. The transition intensity contains direct information on the magnetic
properties of the important 3d valence electrons, that is the reason why X-ray absorption
spectroscopy is widely used of for the study of magnetic materials [15]. The XANES region
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could be extended to about 30 eV beyond the edge due to multiple scattering of the
photoelectrons and occurrence of multi-electron excitations. According to Fermi’s Golden
Rule (2.1), the transition matrix element depends on the polarization of the X-rays. This
could be exploited with anisotropic samples to determine bonding directions of the final
state. The absorption cross section depends on molecular orientation, which makes XANES
suitable for determining the orientation of molecules on surfaces [14,16,17]. By combining
the pre-edge and XANES structure the electronic structure of the material could be revealed.
(3) The third region covers nonresonant absorptions, and is called the Extended X-ray
Absorption Fine Structure (EXAFS). This could extend to about 30 eV to 1000 eV beyond
the edge, and essentially contains structural information about the immediate neighborhood
of the absorber atom. EXAFS probes the coordination number and the interatomic distance,
and could be used to study local magnetic structures [14].
In the specific case of Fe (II) spin crossover molecular compounds, we focus on the
study of Near-Edge X-ray Absorption Fine Structure (NEXAFS), as it has the advantage
of probing distinct signature of the low spin state and the high spin state. Moreover, it
provides a facile means for interpolation between these two benchmark spectra and to
assess the extent of the high spin state and the low spin state when the spectra have
contributions from both spin states.
In the low spin state of [Fe{H2B(pz)2}2(bipy)], well below 160K [2,4,5,18], the 3d
electrons occupy the t2g orbitals in pairs and the eg orbitals are empty. This is generally
observed in the Fe L3 edge (2p3/2) XAS as a major feature at photon energies around 708eV
(Fig 2.3 blue). By comparison, in the HS configuration, the eg orbitals are partially
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populated while the t2g orbitals subsequently get partly depopulated, which corresponds to
the XAS spectra with a decrease of the peak intensity at 708 eV and an increase of the t2g
peak around 706.5 eV (Fig 2.3 red). The spectra of the low spin state and the high spin
state from the temperature dependent spin crossover transitions are good “fingerprints” of
the spin state, and can be used to infer the percentage of high spin and low spin state
occupancy, which will be discussed in later chapters.

Fig. 2.3 Left: A demonstration of the X-ray absorption transition. The Fe L3 edge refers to the transition of
core electrons from 2p orbital to the 3d orbital, depending on the electron occupation, the intensity at feature
energies could be different depending on the spin state. Right: the XAS characteristics for Fe (II) spin
crossover molecule in the LS state and HS state.

One problem faced in these specific X-ray absorption experiments for the spin
crossover molecular system is that X-ray initiates a spin state change for these molecules
on many dielectric substrates, as discussed elsewhere [4–7]. That means the influence of
the X-ray excitation should be kept as low as possible while absorption data must be
acquired rapidly, so as to avoid having the measured spin state occupancy to be too strongly
affected by the measurement process. In the case of [Fe{H2B(pz)2}2(bipy)] study at ALS
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BL 6.3.1, the XAS spectra have degraded energy resolution due to the need for rapid data
acquisition so as to acquire spin state transition rates. The typical Fe L3 edge spectrum was
acquired in ca. 18-20 s.

2.3. X-ray Photoemission Electron Microscopy

X-ray photoemission electron microscopy (X-ray PEEM) belongs to the family of
spectromicroscopies. In general, the spectromicroscopy refers to the case where an image
can be formed from the spatial dependence of the features in some spectra. For
photoemission microscopy, the goal is to map the spatial information of the chemical state,
and the conventional PEEM is one of several “emission microscopes” that have been tried
dating back to 1930s using ultra-violet (UV) radiation [19–21]. In early days, PEEM was
used briefly in metallurgy during the 1960s, but it was recognized as a surface microscopy
until 1970s, which means performing PEEM requires proper attention to the condition of
the surface at an atomic scale [19,22]. Since then PEEM has been developed into a wellestablished technique.
Photoelectron spectromicroscopy can either make use of the photo electrons
themselves, or the secondary electrons produced in filling of the core holes created by
photoionization. In the first case, a bandpass energy filter is needed. In the second case,
imaging is possible without filter by using photons with energies near the absorption edge
[23]. Organic materials are better studied with secondary electron imaging, because of the
larger escape depth of slow electrons and the multiplication effect of the hole-filling
cascade (Auger process). And this is not only limited to the molecular system studied here,
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but a common mode in circular and linear magnetic dichroism (XMCD and XMLD)
imaging of ferromagnetic and antiferromagnetic materials [23].
For UV PEEM, there are two contrast mechanisms: topographical contrast and
work function contrast. Changing the source to X-rays adds additional imaging modes to
stimulate photoelectrons, for example the elemental contrast is achieved by tuning the
incident X-ray photon energy at absorption edges of elements, as the emission intensity is
greatly enhanced at absorption edges. The intensity of the magnified image is proportional
to the number of X-ray photons absorbed in the area of interest. Thus, areas on the surface
with rich concentration of the specific element will emit more photoelectrons and appear
bright in the PEEM image. As mentioned above, chemical contrast is obtained via the
absorption fine structure (XAFS), as differences in images taken in several energies around
the absorption edge can be used to detect surface local bonding characteristics.
Three types of X-ray microscopes using soft X rays between 300 and 2000 eV are
currently popular: scanning X-ray microscopes, imaging X-ray microscopes and
photoemission electron microscopes (PEEM). X-ray PEEM is a hybrid technique
combining an X-ray source with a high-resolution electron microscope [24]. XAS and
XMCD are the prerequisite for the X-ray PEEM, which allows the study of magnetic
domains and the dynamics of magnetic particles on the nm scale, such as visualization of
magnetic domains with a resolution of better than 100 nm [14]. This comes from the
theoretical expectation that in X-ray absorption fine structures, an introduction of light
polarization could be utilized to determine magnetic moments as well as long range
magnetic order. This falls in the territory of dichroism effects. The XMCD effect was first
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utilized in 1993 for the imaging of ferromagnetic domains using a PEEM microscope [25].
As an imaging application of the XAS, X-ray PEEM holds the elemental and chemicalstates specificity. The addition of incident photo helicity could show different response to
the local magnetization vector, thus produces the intensity variation to map the magnetic
domains. By selecting the appropriate absorption edge, one can probe the specific element
for investigation at a time.
X-ray PEEM has been implemented in a lot of user facilities. Fig 2.4 shows a typical
synchrotron–PEEM setup, consisting of an X-ray beamline and a secondary electron
microscope [24]. Generated synchrotron X-rays are monochromatized using an optical
grating monochromator then focused on the sample. The spot size is 10 - 60 μm diameter
in the case of the presented PEEM-3 microscope at the Advanced Light Source, Lawrence
Berkeley Nation Lab. The polarization of the X-ray can be tuned by an aperture in the
beamline selecting beams from below, above, or in the storage ring plane, and the result is
right circular, left circular, or linear, respectively [24].
Once emitted, electrons are accelerated by a strong electric field of typically 15–20
kV between the sample and the microscope [24]. A magnified image on an electronsensitive phosphor is formed by a 4-lens electron optics group. A variable-size aperture in
the back-focal plane of the second lens reduces spherical and chromatic image aberrations
and greatly improving the spatial resolution. The aperture limits the angular acceptance of
the microscope while decreases the energy width of the transmitted-electron distribution.
Octupol and hexapol elements are used to steer the beam and correct astigmatism [24,26].
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Finally, to digitize the image, a CCD camera is used. For the current PEEM-3 endstation,
the field of view is 5 - 60 μm diameter, with a typical spatial resolution of 50 nm.

Fig. 2.4 Top: A schematic of X-ray photoemission electron microscope at the Advanced Light Source (ALS),
Lawrence Berkeley National Lab. Bending magnet radiation is monochromatized and focused onto the
sample. The emitted photoelectrons and secondary electrons are imaged with magnification onto a CCD
detector by an electron microscope. Figure adapted from [24] with permission. Bottom: The PEEM-3
endstation at ALS beamline 11.0.1, photo courtesy of Dr. Rajesh V. Chopdekar.

The local image intensity at the detector is related to the X-ray flux in a manner of
I ~ I0μ(E), where I0 is the X-ray flux and μ is the local coefficient of the field of view (FOV)
at the photon energy E. The image intensity is furthermore modulated by the local work
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function of the sample, especially in threshold excitation using ultraviolet light, and the
sample topography which causes micro-focusing of the emitted electrons [26].
One advantage of X-ray PEEM is that it is sensitive to the magnetic domain
structure of magnetically ordered materials due to the dichroism effect. In 3d transition
metals, dichroism is strongest at the L edge (2p to 3d transition). The X-ray magnetic
circular dichroism (XMCD) probes the angle between the sample magnetization direction
and the photon spin, which is aligned with the photon propagation direction. When
changing the circularly polarization of the X-ray, it results in opposite signs at the L3 and
the L2 edge, and the dichroism signal changes sign when either the magnetization direction
or the photon helicity is flipped. The angular dependence could be expressed as:
𝐼0123 = |𝑀|𝑐𝑜𝑠𝜑(𝑴, 𝝈)

(2.3)

Here, M is the magnetization direction of the sample, 𝝈 is the photon spin. To generate
magnetic domain images, several ways can be taken to enhance the magnetic contrast by
calculating the difference, the ratio and the asymmetry of the L3 and the L2 edge images.
The ratio and asymmetry image are normalized to the image intensity, which correct an
inhomogeneous sample illumination. The asymmetry image is especially useful in a
quantitative analysis because the intensity difference between different domains is a
measure for the relative angle between the magnetization in both domains. If the dichroism
is weak compared to the total image intensity, the ratio image is equivalent to the
asymmetry image [26].
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Chapter III.
BISTABILITY AND COORDINATION DEPENDENCE OF SPIN
CROSSOVER THIN FILM SYSTEM

3.1. Introduction

As indicated at the outset to this thesis, for widespread applications, one key aspect
of molecular switches is the non-volatile control, which for spin crossover (SCO)
molecular complexes, requires bistability of the spin states, ideally over a broad
temperature range and in the vicinity of room temperature [1–3]. Naturally, the coupling
of spin state and structure may be employed to achieve this bistability [4]. The challenge
is to find the proper enthalpy differences between the spin states (denoted as Δ in Fig 3.1(a))
to place the SCO transition around room temperature, and suitable structural differences
between the spin states to generate sizable hysteresis [2,4–6].

Another route to achieving these goals is to make use of perturbation caused by
interactions at a substrate to molecular film interface, because (1) the electronic and
structural couplings at the interface may change the enthalpy difference of the spin states
(Δ) which changes the SCO transition temperatures; (2) the modification of the energy
_______________
Note: This chapter’s context is published in [7]. Adapted / reproduced from [7] with permission from the
Institute of Physics Publishing.
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Fig. 3.1 (a) Schematic energy diagram of the SCO transition, in which the free energy changes with
temperature according to entropy. The high spin (HS) state ↔ low spin (LS) state transition temperature
depends on the enthalpy difference Δ between the spin states. The width of the hysteresis depends on the
free-energy barrier between spin states. (b) Molecular structure of [Fe{H2B(pz)2}2(bipy)] [7]. Figure courtesy
of Prof. Xiaoshan Xu.

barrier between the spin states, by the interface, can tune the width of the hysteresis loop
[3,8–12]. But more than bistability, cooperative effects are essential, so in a device, the
spin crossover layer, now acting as the semiconductor channel, can be several molecular
layers thick, thus not depend solely on the molecules placed strictly at the interface. The
existence of intermolecular co-operativity permits state switching in thicker spin crossover
molecular films and lower resistance and impedance in an operational device. In this regard,
the spin state of thin film [Fe{H2B(pz)2}2(bipy)] exhibits remarkable tunability.

It has already been established that oxide substrates like SiO2 [12], Al2O3 [12],
NiCo2O4 [13], and La0.67Sr0.33MnO3(001) [13] tend to lock very thin [Fe{H2B(pz)2}2(bipy)]
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molecular films (< 40 nm) in a largely low spin (LS) state to temperatures well above the
thermal SCO transition temperature, where the high spin (HS) state would be generally
favored. A comparison of different measurements of the spin state occupancy suggests that
a significant shift of the transition temperature is indeed possible [14]. On the other hand,
the effect of the interface on the spin state bistability, which is caused by the energy barrier
between the spin states, has not been fully investigated.
As mentioned before, [Fe{H2B(pz)2}2(bipy)] is among a limited number SCO
molecules, so far identified, that can be evaporated in vacuum without decomposition
[8,12–20]. This molecule exhibits a non-hysteretic transition between a high-temperature
HS state and a low-temperature LS state at a transition temperature T1/2 = 157 K in bulk
[8,14,16–19]. Surprisingly, we found that the [Fe{H2B(pz)2}2(bipy)] films, hundreds of nm
(300 nm, 900 nm) thick, exhibit spin state hysteresis in thermal cycles around the bulk SCO
transition temperature, which suggests the existence of bistability. The transition
temperature T1/2 is defined as the temperature where the macroscopic spin state reaches 50%
to the full HS state. A thermal activation energy of about 60 ± 7 meV was ascertained for
[Fe{H2B(pz)2}2(bipy)] thin films on SiO2 [12], consistent with the measured enthalpy of
about 80 meV [19].

3.2. Experimental Details
The 300 nm and 900 nm thick polycrystalline [Fe{H2B(pz)2}2(bipy)] films were
deposited on 5×5mm2 Al2O3 substrates at 300 K using physical vapor deposition in high
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vacuum (1.0 × 10-7 Torr), with a growth rate of 0.1 Å/s by Dr. Xuanyuan Jiang. The film
morphology and film thickness were characterized by atomic force microscopy (AFM) and
the root mean square (RMS) roughness was found to be about 50 nm again by Dr.
Xuanyuan Jiang. The soft X-ray absorption spectroscopy (XAS) measurements were
performed at the bending magnet beamline 6.3.1 at the Advanced Light Source at Lawrence
Berkeley National Laboratory. The photon flux was estimated to be around 1.65 × 105
photons/s/μm2. X-ray absorption spectra were obtained, in both the total electron yield
(TEY) mode and photoluminescence yield mode (PLY) at the same time, at the absorption
of the Fe L3 edge. The combination of the TEY and the PLY modes made it possible to
characterize the surface and bulk property simultaneously across a temperature range from
80 K to 300 K for both cooling and heating sequences.

3.3. Effect of the Substrate/Film Interface on Bistability
The temperature dependence of magnetic susceptibility for two different
[Fe{H2B(pz)2}2(bipy)] films and a comparison to that of the powder was undertaken by Dr.
Xuanyuan Jiang and the Xiaoshan Xu group, as shown in Fig 3.2. Both
[Fe{H2B(pz)2}2(bipy)] on Al2O3 films exhibit hysteresis of the SCO transition compared
to the powder form, which shows minimum hysteresis as seen in Fig 3.2 and reported
elsewhere [16–19]. For the 900 nm thick [Fe{H2B(pz)2}2(bipy)] film, T1/2 =152 K in
cooling sequence and 157 K in warming sequence respectively, leading to ∆T1/2 = Twarm −
Tcool = 5 K. The temperature dependence of the magnetic susceptibility (one indication to
the spin state occupancy) of a thinner film (300nm) deviates more significantly from the
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bulk behavior. As shown in Fig 3.2(c), the hysteresis shows ∆ T1/2 = 15K in the 300nm
film, which is three times compared to 900 nm film. The differences in the extent of the
hysteresis ∆ T1/2 suggest that the average energy barrier between the HS and LS states is
larger in the 300 nm films than that in 900 nm films.

Fig. 3.2 Magnetic susceptibility χ of (a) the powder (b) 900 nm and (c) 300 nm [Fe{H2B(pz)2}2(bipy)] films
on Al2O3, in thermal cycles plotted as scatters dots [7]. Courtesy of Dr. Xuanyuan Jiang.

The coexistence of spin state occupancy was also directly observed using X-ray
diffraction, in line with the hysteretic behavior in the magnetic susceptibility (Fig 3.2(b)),
as reported elsewhere [1], indicating the existence of crystallites in either HS or LS state.
In other words, there is the possibility of the coexistence of spin-state domains.
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We have actually been able to image domains of both high spin and low spin using
X-ray absorption spectroscopy (XAS) combined with photoemission electron microscopy
(PEEM). The domains are seen to be quite large, some a substantial fraction of a micron
as seen in Figure 3.3. It should be noted that in the example of Figure 3.3, the high spin
state domains (red) are not purely in the high spin state, but mostly in the high spin state
(2/3), while the low spin state domains retain a minority fraction of high spin state (about
1/3).

Fig. 3.3 Domains images of a [Fe{H2B(pz)2}2(bipy)] thin film with both high spin state (red) and low spin
state (blue) domains. The spin state was determined using X-ray absorption spectroscopy (XAS) combined
with photoemission electron microscopy (PEEM). Red indicates high spin state domains. White indicates
areas of equal high spin and low spin while blue is dominated by low spin.
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3.4. Coordination Dependences in Spin Crossover Thin Film
The question then is whether the thermal SCO transition behaves the same at the
surface as within the volume of a molecular thin film of sufficient thickness. The surface
would be of lower coordination and farther away from the interface with the substrate than
the interior of the film, thus could be affected differently by the incident X-ray,
intermolecular cooperative effects, and the substrate. The spin state occupancy of the
[Fe{H2B(pz)2}2(bipy)] Fe(II) complex thin film may be extracted from the X-ray
absorption spectra (XAS) [12–15,20,21], as mentioned in the previous chapter, and the
temperature dependent XAS of the [Fe{H2B(pz)2}2(bipy)] thin films on Al2O3, is shown in
Fig 3.4 and 3.5. Fig 3.4 shows XAS taken in the photoluminescence yield (PLY) mode,
probing the bulk of molecular thin films on Al2O3, while Fig 3.5 illustrates the XAS for the
thin films in the total electron yield (TEY) mode, which is more surface sensitive. TEY has
a shorter probing depth because electron mean free paths are far shorter that photon
penetration depths. The spectra taken at low temperature in blue are representative of the
LS state and the spectra in red are representative of the HS state. We note that the SCO
transition temperature, extracted from the data taken in the TEY mode is close to the
expected [Fe{H2B(pz)2}2(bipy)] SCO transition temperature of 157 K [12,14,16–19,22],
although the observed thermal hysteresis makes a precise comparison difficult.
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Fig. 3.4 The X-ray absorption spectra, taken in the photoluminescence yield mode (PLY) for (a) cooling
sequence and (b) heating of 300 nm [Fe{H2B(pz)2}2(bipy)] thin film on Al2O3. Red indicates XAS spectra
representative of the high spin (HS) state and blue indicates the low spin (LS) state [7].

Fig. 3.5 The X-ray absorption spectra, taken in the total electron yield mode (TEY) for (a) cooling sequence
and (b) heating of 300 nm [Fe{H2B(pz)2}2(bipy)] thin film on Al2O3. Red indicates XAS spectra
representative of the HS state and blue indicates LS state [7].
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To further investigate the spin state occupancy with changing temperature, we have
used the “empty t2g/empty eg” ratio as an empirical approximation of high spin occupancy
at the given temperature [12,13,15,20,21]. As indicated in Fig 3.6, The HS state occupancy,
upon heating, is different from the HS state occupancy upon cooling, from the analysis of
the XAS spectra taken in both the TEY mode and the PLY modes. The SCO transition
temperature T1/2 (50% HS state occupancy) in TEY mode is around 150 K for the cooling
sequence, while T1/2 around 170 K on heating. In the PLY mode, T1/2 is around 160 K on
cooling and 180 K on heating sequence, and the PLY measured spin state is in an agreement
with SQUID magnetometry, as seen in the insert in Fig 3.6.
Both SQUID magnetometry and XAS in the PLY mode, give around a 20 K
difference of T1/2 between the cooling and heating process. Also, both the surface (TEY
mode) and bulk (PLY mode) exhibit thermal hysteresis in spite of the much lower
coordination at the surface of the molecular film, than should be the case in the bulk of the
film. The molecules of [Fe{H2B(pz)2}2(bipy)], at the surface layers have vacuum on one
side, while in the bulk of the thin film, the spin crossover molecules are surrounded by
other spin crossover molecules. So, the surface of the film has [Fe{H2B(pz)2}2(bipy)] with
lower coordination and possibly diminished strain.
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Fig. 3.6 Temperature dependent hysteresis loops for 300 nm thick [Fe{H2B(pz)2}2(bipy)] thin films on Al2O3
indicating the HS state occupancy based on XAS taken in TEY mode (red hollow square) and PLY mode
(black hollow triangle), arrows indicating cooling sequence and heating sequence. Insert: temperature
dependent hysteresis loop measured by SQUID (dots) in comparison to PLY data measured by XAS (lines)
[7].

The lower coordination at the surface implies reduced intermolecular interactions,
which means cooperative effects induced by the Al2O3 substrate [12,13], that tend to lock
the spin crossover molecule in the LS state, would be diminished at the surface. In this
scenario, the influence of the substrate / film interface on [Fe{H2B(pz)2}2(bipy)] would
favor the LS state within the bulk of the film, where the coordination is high. This would
push the apparent SCO transition temperature for the bulk of the film to higher
temperatures than the surface, where coordination is low. This is what is observed. Related
studies [23,24] showed that for the ferroelectric polyvinylidene fluoride (PVDF), the
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interface interactions favor the HS state in [Fe{H2B(pz)2}2(bipy)] when the ferroelectric is
poled towards the molecular film. Unlike Al2O3, this interface with PVDF should favor the
HS state in the bulk of the film, and the LS state at the surface, where coordination is low.
As shown in Fig 3.7, the X-ray absorption spectra, taken in the PLY mode and in the TEY
mode for 20 molecular layers of [Fe{H2B(pz)2}2(bipy)] thin film on PVDF at 150K,
indicate the presence of more HS state occupancy in the interior of the film (PLY) than at
the surface (TEY).

Fig. 3.7 X-ray absorption spectra of [Fe{H2B(pz)2}2(bipy)] thin film on PVDF substrate where the
polarization has been poled towards the thin film, taken in the PLY mode (black) and in the TEY mode (red),
at temperature 150 K. Insert: X-ray absorption spectra of [Fe{H2B(pz)2}2(bipy)] thin film on Al2O3 substrate
taken in two modes at 150 K [7]. Data provided courtesy of Dr. Xin Zhang.

The electronic transition between spin states is enabled by a conformational change
of the ligands around the Fe(II) ion. We suggest, that close to the interface this
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conformational change is sterically inhibited, whereas closer to the surface changes in
conformation can be accommodated or even proliferated by neighboring molecules which
are close to the interface. The local charge and strain environment are likely to influence
the balance of electrostatic interactions between the ligands making the conformation
associated with the LS / HS states favorable close to the interface.
Other explanations cannot be completely excluded. Thermal gradient effects cannot
be, a priori, excluded completely on the basis of measurements done here. The alternative
explanations seem unlikely on the basis of the agreement between the superconducting
SQUID magnetometry and the X-ray absorption, taken in the PLY mode. Another study
[23] show the electrical resistance is much higher for [Fe{H2B(pz)2}2(bipy)] in the LS state
than that in the HS state which might hint at a low thermal conductivity akin to a
Wiedemann–Franz law [25]. This potentially permits thermal excitations, associated with
the XAS measurement, so that the surface might locally heat more than the bulk due to the
lower coordination of spin crossover species at the surface. If significant, this reduced
thermal conductivity could lower the measured SCO transition temperature at the surface
compared with the bulk. Yet such thermal conductivity effects should also serve to
decrease the observed thermal hysteresis in the surface SCO transition temperature, which
is not seen.
Thermal excitations due to the X-ray fluence near the surface are unlikely to be the
cause, especially given that the X-rays largely pass through the film almost unimpeded. It
is hard to see how such thermal effects could be significant on a nanometer scale and
remain sufficiently local so as not to perturb the bulk (interior) of the [Fe{H2B(pz)2}2(bipy)]
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molecular film. This explanation also cannot be reconciled with the results obtained for the
[Fe{H2B(pz)2}2(bipy)] thin film on PVDF, shown in Fig 3.7. An alternative explanation,
for the observed difference between the surface and the bulk, involves quenching or
screening of soft X-ray induced HS excited state configuration. Such quenching or
screening of soft X-ray induced HS excited state configuration could indicate cooperative
effect or intermolecular interactions, which should be more significant for the higher
coordination number at the interface and would be expected to be less significant at the
surface. This latter explanation requires a multi-excitation process, one to form the excited
state configuration and a second for the core to bound excitation that is the basis for X-ray
absorption spectroscopy. These multi-excitations processes, here, would have to occur on
much shorter time scale than indicated in prior work [12,13], i.e. seconds rather than
minutes for a large ensemble of spin crossover species. Again, this explanation also cannot
be reconciled with the results obtained for the [Fe{H2B(pz)2}2(bipy)] thin film on PVDF,
shown in Fig 3.7.
It is also worth noting that the temperature difference between the surface and the
bulk spin crossover transition temperature helps explain the shift in the temperature seen
in magnetometry in Fig 3.2. The Al2O3 interface likely locks some volume of the spin
crossover thin film in the low spin state [12]. The remaining volume has a higher surface
to volume ratio with decreasing film thickness, and thus more influenced by the surface
volume, where the spin crossover transition is shifted to lower temperatures.
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3.5. Summary
This chapter summarizes the bistability of the spin states, and the influence of the
substrate and local environment the spin state occupancy. In a spin crossover molecular
system that does not normally show hysteresis, hysteresis has been observed in the films
of hundreds of nanometers in thickness, indicating tunability of the energy barrier between
the spin states in [Fe{H2B(pz)2}2(bipy)]. The thickness dependence of the hysteresis and
the fact that the size of the crystallites is similar in these films indicate this effect comes
from the [Fe{H2B(pz)2}2(bipy)] / Al2O3 interface [10,26]. Microscopically, the effect of
the interface appears to influence the SCO transition, and the [Fe{H2B(pz)2}2(bipy)] thin
film well away from the interface collectively at the crystallite level, which enhances the
barrier between the spin states and generates hysteresis and bistability in
[Fe{H2B(pz)2}2(bipy)]. The thickness dependence of the hysteresis in spin state also points
to a possibility that the temperature range of the bistability can be broadened, perhaps to
include room temperature, although this may require a SCO complex different from the
molecule used here. We also used the X-ray absorption spectroscopy and magnetometry
study to investigate the electronic state of the [Fe{H2B(pz)2}2(bipy)] thin film on Al2O3
substrates. Cooperative effects have been revealed from the temperature dependent
hysteresis loops and confirmed by differences in the SCO transition temperature at the
surface and the bulk.
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Chapter IV.
CONTROLLING MOLECULAR SPIN STATE VIA DIPOLAR
ADDITIVES

4.1. Introduction
As discussed in the previous chapter, it has been established that the nature of the
intermolecular coordination and substrate interface will modify the energy barriers to the
molecular spin crossover transition [1]. In this respect, the spin crossover complex
[Fe{H2B(pz)2}2(bipy)] exhibits remarkable tunability with regard to the spin crossover
transition, even to the point of changing the hysteretic behavior.
Another method to alter the spin crossover transition temperature is via the mixture
of spin crossover molecule with dipolar zwitterions, successful results have been shown in
the example of mixing [Fe{H2B(pz)2}2(bipy)] with C6H2(···NH2)2(···O)2 [2]. The addition
of this highly polar p-benzoquinonemonoimine zwitterion C6H2(···NH2)2(···O)2 will lead
to a spin state locking, resulting in the low spin (LS) state persisting at room temperature
[2,3]. Remarkably, this allows for the SCO complex locked in a low spin (LS) state, and a
transition to a high spin (HS) state at room temperature when exposed to incident soft Xrays, facilitating a spin crossover well above the typically allowed temperatures [2,3].
Obviously, this poses the question of whether it is the strong dipole provided by any pbenzoquinonemonoimine zwitterion of the type C6H2(···NHR)2(···O)2, that results in
locking the molecular spin state of a complex like [Fe{H2B(pz)2}2(bipy)], or whether
interactions specific to the zwitterion where R = H are at work, as suggested by theory [3].
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Furthermore, if entropic factors are considered and were to affect the nature of the spin
crossover transition, as do local intermolecular coordination, then new phenomena should
occur through combination with other polar molecules, a particular example of re-entrant
spin state transition is shown here in this chapter.

4.2. Experimental Details
The [Fe{H2B(pz)2}2(bipy)] complex was synthesized using published methods as
discussed before [4]. These molecules are subsequently combined with various
zwitterionic polar molecules by weighting both powders and mixing together in the desired
molar ratios. In this set of experiment, we have used either the spin crossover molecule
alone, or [Fe{H2B(pz)2}2(bipy)] mixed with C6H2(···NHR)2(···O)2 (R = H, C2H5) or with
benzimidazole C7H6N2 in a molar ratio of 1:2. The p-benzoquinonemonoimine zwitterions
C6H2(···NHR)2(···O)2 (R = H, C2H5) were synthesized as described elsewhere [5–8].
Benzimidazole was purchased from Sigma-Aldrich (98% purity) and used as received. The
mixtures were immersed in isopropyl alcohol and placed in an ultrasonic bath for 60 min
resulting in complete solution formation of the molecular mixtures. The samples were
subsequently dried, and the resulting powders were spread on conducting carbon tape and
loaded into an ultra-high vacuum environment for X-ray absorption spectroscopy (XAS)
measurements.
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Fig. 4.1 (a) The experimental Raman spectra of the zwitterionic p-benzoquinonemonoimine
C6H2(···NH2)2(···O)2 (red). (b) Raman spectra of the admixture of the spin crossover molecule
[Fe{H2B(pz)2}2(bipy)] with p-benzoquinonemonoimine, in the molar ratio of 1:2 (green). (c) Raman spectra
of the spin crossover molecule [Fe{H2B(pz)2}2(bipy)] (black) [9]. Courtesy of Qin-Yin Shi and Vicki
Schlegel.

_______________
Note: This chapter’s context is published in [9], Adapted / reproduced from [9] with permission from the
Institute of Physics Publishing.
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Fig. 4.2 The experimental Infrared absorption spectra of (a) the spin crossover molecule
[Fe{H2B(pz)2}2(bipy)], (b) the admixture of [Fe{H2B(pz)2}2(bipy)] and benzimidazole in the molar ratio of
1:2, (c) the admixture of [Fe{H2B(pz)2}2(bipy)] and C6H2(···NH2)2(···O)2 in the molar ratio of 1:2, (d) the
zwitterionic p-benzoquinonemonoimine C6H2(···NH2)2(···O)2, showing IR absorption features of each
component [9]. Courtesy of Qin-Yin Shi and Vicki Schlegel.

The molecular mixtures leave the core molecular moieties intact as indicated by the
Raman spectroscopy in Fig 4.1, infrared spectroscopy in Fig 4.2 and X-ray diffraction. The
admixture of [Fe{H2B(pz)2}2(bipy)], with the zwitterionic p-benzoquinonemonoimine
C6H2(···NH2)2(···O)2, in the molar ratio of 1:2, showing Raman and IR absorption features
of each component in Fig 4.1(b) and Fig 4.2(c) respectively. The admixture of
[Fe{H2B(pz)2}2(bipy)] with benzimidazole, in the molar ratio of 1:2, also shows the IR
absorption features of each component in Fig 4.2(b), and the spectroscopic signatures of
[Fe{H2B(pz)2}2(bipy)] in Fig 4.2(a) are clearly evident in Fig 4.2(b). While the Raman
spectroscopy, IR spectroscopy and XRD show the core moieties remain intact, we cannot
exclude the formation of new molecular complexes though hydrogen bonding, as suggested
in other studies [3], or through the formation of more strongly, i.e. covalently, bonded
species.

4.3. Locking and Non-locking Dipolar Additives
The spin state of the Fe (II) complex [Fe{H2B(pz)2}2(bipy)] is extracted from the
X-ray absorption spectra shown in Fig 4.3. Upon heating the molecule, the HS state
occupancy change is clearly reflected by differences of the peak ratio in XAS spectra. In
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order to quantify this HS occupancy change, an “empty t2g / empty eg” ratio has been
extracted from the typical XAS spectra of the representative [Fe{H2B(pz)2}2(bipy)] HS
state and LS state (indicated as the red and blue curve in Fig 4.3(a)), this is an empirical
approximation of molecules in the HS state at a given temperature, as suggested by relevant
studies [1–3,10–14].

Fig. 4.3 The temperature dependent X-ray absorption spectroscopies of [Fe{H2B(pz)2}2(bipy)] mixed with
various polar molecules in a 1:2 molar ratio. (a) The spin crossover complex [Fe{H2B(pz)2}2(bipy)] alone,
where spectra associated with the LS state are highlighted in blue, and HS state highlighted in red. (b) The
molecular mixture of [Fe{H2B(pz)2}2(bipy)] with the p-benzoquinonemonoimine, indicating dominant
retention of low spin state occupancy. (c) The molecular mixture of [Fe{H2B(pz)2}2(bipy)] with
benzimidazole, showing a shift from low spin state to high spin state occupancy, then a significant return to
low spin state occupancy with increasing temperature [9]. Figure courtesy of Dr. Paulo S. Costa.
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As seen in Fig 4.3(b) and noted elsewhere [2,3], the addition of the pbenzoquinonemonoimine zwitterion C6H2(···NH2)2(···O)2 will lock the spin state of
[Fe{H2B(pz)2}2(bipy)], and the expected thermal-driven spin state transition is not
observed. Indeed, as plotted in Fig 4.4, addition of this zwitterion will typically leave the
spin crossover molecule [Fe{H2B(pz)2}2(bipy)] mostly in the LS state, with only about 1/3
of the sample powder in HS state occupancy, and it is independent of temperature. This
freezing of the [Fe{H2B(pz)2}2(bipy)] spin state, in the largely low spin configuration, is
also evident in magnetometry as reported elsewhere [3].
We note that not all p-benzoquinonemonoimine zwitterions will lock the spin state
of [Fe{H2B(pz)2}2(bipy)]. For instance, the addition of the ethyl-substituted pbenzoquinonemonoimine zwitterion C6H2(···NHC2H5)2(···O)2 does little to pin the spin
state of [Fe{H2B(pz)2}2(bipy)], and the spin crossover transition remains largely
unperturbed from the temperature dependent spin state occupancy plot in Fig 4.5. This
suggests that any argument solely based on the dipole-dipole interactions of spin state
locking in the investigated Fe (II) complexes is too simplistic. The different effects of the
various p-benzoquinonemonoimine zwitterions on the spin crossover transition of
[Fe{H2B(pz)2}2(bipy)] points to more complex interactions between the spin crossover
complexes and these dipolar additives. We can infer from this comparison that the ethyl
group on the one p-benzoquinonemonoimine zwitterion creates steric effects that inhibit
the interactions to cause the locking of the [Fe{H2B(pz)2}2(bipy)] spin state. These
interactions could also include the formation of new molecular complexes though hydrogen
bonding, as suggested in [3].
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Fig. 4.4 The temperature-dependent high spin state fraction of [Fe{H2B(pz)2}2(bipy)] mixed with various
polar

molecules

in

a

1:2

molar

ratio,

extracted

from

the

X-ray

absorption

spectra.

1. The temperature dependence of the spin crossover complex [Fe{H2B(pz)2}2(bipy)] alone (blue), 2.
[Fe{H2B(pz)2}2(bipy)] combined with benzimidazole (black), 3. [Fe{H2B(pz)2}2(bipy)] combined with the
p-benzoquinonemonoimine (red) [9]. Figure courtesy of Dr. Paulo S. Costa.

Fig. 4.5 The temperature dependent high spin state fraction of 1. [Fe{H2B(pz)2}2(bipy)] alone (blue) 2. the
molecular mixture with the ethyl-substituted p-benzoquinonemonoimine C6H2(···NHC2H5)2(···O)2 (red) [9].
Figure courtesy of Dr. Paulo S. Costa.
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4.4. Indication of a Re-entrant Spin Crossover Transition
Benzimidazole is a polar molecule with a smaller dipole moment of about 3.6 D
[15] compared to the benzoquinonemonoimine zwitterions (ca. 10 D). When
benzimidazole is mixed with the spin crossover complex [Fe{H2B(pz)2}2(bipy)], an
unusual temperature dependence was observed based on the X-ray absorption spectra (Fig
4.3(c)). The typical spin crossover transition is no longer observed. Instead, the HS state
occupancy is seen to increase with temperature heating up, peaks at around room
temperature, and then declines with further increase in temperature. This is also clearly
shown in the high spin proportion plot in Fig 4.4 (black curve). The XAS spectroscopic
signature at the Fe 2p3/2 edge are nearly identical at 82 K and 393 K for
[Fe{H2B(pz)2}2(bipy)], when mixed with benzimidazole. we find that the tetragonal ligand
field is not significantly different between high and low temperature, otherwise the
spectroscopic signature of the molecule would change. This behavior is fully reversible
and observable in subsequent cooling and heating cycles. This reversibility and the fact
that thin films of the intact and unfragmented molecular species are formed by the
evaporation of [Fe{H2B(pz)2}2(bipy)] in the region above 400 K [1,3,4,12,16,17] tend to
exclude that fragmentation of the core moieties is the cause of the results for the mixture
of [Fe{H2B(pz)2}2(bipy)] and benzimidazole, as seen in Fig 4.4.
While the maximum of the [Fe{H2B(pz)2}2(bipy)] HS state occupancy is observed
to occur at a much higher temperature than any of the mixtures of [Fe{H2B(pz)2}2(bipy)]
with other dipolar molecules, the trend of increasing and then decreasing high spin state
occupancy is suggestive of a re-entrant transition. Although re-entrant transitions are well
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known [18,19], and have been discussed in the context of antiferromagnets [20,21] for
decades, no prior observation nor any indication (to our knowledge) of a re-entrant spin
crossover transition has been reported. Despite its significantly smaller dipole moment,
benzimidazole

must

perturb

the

intermolecular

interactions

that

affect

the

[Fe{H2B(pz)2}2(bipy)] spin crossover transition. This may be partially attributed to
benzimidazole tendency to bind in linear chains with its polarization aligned in the general
direction of the chains [15,22]. These interactions possibly play a role in preventing the
dipoles of individual molecules from destructively interfering with each other. As such, the
added benzimidazole could affect the local coordination that has now been demonstrated
to affect the spin crossover transition in [Fe{H2B(pz)2}2(bipy)] [1].
As

is

evident

from

the

very

different

influence

of

various

p-

benzoquinonemonoimine zwitterions on [Fe{H2B(pz)2}2(bipy)], the chemical interactions
of p-benzoquinonemonoimine zwitterion C6H2(···NH2)2(···O)2 with [Fe{H2B(pz)2}2(bipy)]
is likely to differ significantly from the case of molecular mixture with benzimidazole. It
is quite possible that the different additives result in the formation of different molecular
complexes, yet leave the core molecular moieties intact. [Fe{H2B(pz)2}2(bipy)] can be
evaporated when heated to 400K to grow a thin film of intact molecules [1,3,4,11,12,16,17].
The fact that neither benzimidazole nor [Fe{H2B(pz)2}2(bipy)] sublime from the admixture
of both in the region of 400K (Fig 4.3 and 4.4), suggests that a new molecular complex is
indeed formed. This molecular complex, however, does not significantly perturb the IR
signatures of [Fe{H2B(pz)2}2(bipy)] and benzimidazole, as seen in Fig 4.2.
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In order to unambiguously claim the occurrence of a re-entrant SCO transition,
other experimental confirmation would be needed. One should remain vigilant to the
possible invasiveness of the XPS on the transition of these molecules, owing to the
literature on X-ray induced transition to the high spin state for thin films of
[Fe{H2B(pz)2}2(bipy)] [2,3,10,11]. We are, however, unaware of promotion of a low spin
state though X-ray irradiation, necessary to explain the high-temperature behavior.

4.5. Summary
In this chapter, evidence is provided that shows the addition of various dipolar
molecules will affect the temperature dependence of the spin state occupancy of the target
spin crossover Fe (II) complex [Fe{H2B(pz)2}2(bipy)]. Specifically, the addition of
benzimidazole results in a re-entrant spin crossover transition, i.e. the spin state undergoes
a transition from the mostly low spin state to high spin state, and finally a decrease of the
high spin state occupancy with further increasing temperature. This behavior contrasts with
the case when the highly polar p-benzoquinonemonoimine zwitterion C6H2(···NH2)2(···O)2
was mixed with [Fe{H2B(pz)2}2(bipy)], which resulted in locking [Fe{H2B(pz)2}2(bipy)]
largely into a low spin state while addition of the ethyl-derivative C6H2(···NHC2H5)2(···O)2
did not appear to perturb the spin crossover transition of [Fe{H2B(pz)2}2(bipy)].
The set of new results presented here suggest that the electric dipoles provided by
polar molecules added to [Fe{H2B(pz)2}2(bipy)], are not the sole contributors to the spin
locking effects. While the combination of various molecules with a spin crossover complex,
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like [Fe{H2B(pz)2}2(bipy)], may influence the spin state and the temperature dependence
of the spin state occupancy, its extent of the perturbation of the spin crossover transition
clearly depends on the specific molecule added. Further studies using ordered co-crystals
are needed to ascertain the changes in molecular structure and local coordination with
changing temperature, as well as an investigation using precision magnetometer of the local
moment under illumination and without as a function of temperature, in order to better
understand the influence of an incident X-ray fluence, and the role of entropic factors in
the absence of a significant perturbation.
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Chapter V.
ISOTHERMAL

ELECTRIC

FIELD

MANIPULATION

OF

MOLECULAR SPIN STATE

5.1. Introduction
A molecular device, intended for memory applications, should be able to function
in the vicinity of room temperature and switch the spin states in response to easily
controlled external stimuli. For a practical solid-state device fabricated from the spin
crossover molecular systems, it is of interest to use voltage to control the switching in the
electronic structure of the molecule. To achieve the “read” mechanism, we need a property
where the spin state can be easily “sensed”: for instance, if the spin state change is
accompanied by a change in conductance, then a transport measurement could sense the
spin state change of the molecular film. Conductance changes of the spin crossover
molecular systems are also well known [1–9], but if this is to be exploited in a device, then
this should be for molecular films on a dielectric substrate, so that it is the spin crossover
molecular system that dominates the device performance. This chapter emphasis on the
manipulation of this transition via electric field, i.e. voltage control.

_______________
Note: This chapter’s context is published in [10]. Adapted / reproduced from [10] with permission from the
American Institute of Physics.
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Fig. 5.1 The schematic structure of [Fe{H2B(pz)2}2(bipy)] molecule and reversible voltage-control of the
spin state of [Fe{H2B(pz)2}2(bipy)] thin films on PVDF-HFP ferroelectric substrates. The spin state of the
molecule is pinned, in the majority, in the low spin (LS) state or high spin (HS) state when ferroelectric
polarization is directed away or towards the [Fe{H2B(pz)2}2(bipy)] [10].

In this chapter, we exploit the spin state switching of [Fe{H2B(pz)2}2(bipy)] [11,12],
in combination with several molecular ferroelectrics, including a variation of ferroelectric
polyvinylidene-fluoride [12] (here, polyvinylidene fluoride hexafluoropropylene or PVDFHFP) as well as croconic acid (4,5-dihydroxycyclopentenetrione, i.e., C5H2O5) [13]. These
molecular spin crossover complex and organic ferroelectric thin film combinations provide
a demonstration that voltage mediated interface interactions can be used to achieve the
desired nonvolatile room-temperature switching of the spin state, as indicated in Fig. 5.1.
As described in this chapter, we have now shown such devices work, by assembling
heteromolecular devices from molecular ferroelectrics and spin crossover molecular
complexes.
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5.2. Experimental Details
[Fe{H2B(pz)2}2(bipy)], schematically illustrated in Fig 5.1 and previous chapters,
was synthesized according to the literature [14,15], and as mentioned in chapter 2. This
charge neutral molecule was thermally evaporated to form a molecular thin film on either
croconic acid or adjacent to polyvinylidene fluoride hexafluoro- propylene (PVDF-HFP)
substrates. The temperature dependent spin crossover transition, for [Fe{H2B(pz)2}2(bipy)],
is also evident in X-ray absorption, as indicated in Fig. 5.2(a). For samples with a PVDFHFP molecular ferroelectric layer, a 65nm [Fe{H2B(pz)2}2(bipy)] spin crossover molecular
thin film was deposited on top of pre-printed interdigitated gold electrodes with a
separation spacing of 10 µm. 20 nm (40 monolayers) of PVDF-HFP was then deposited on
top of the spin crossover compound using the layer by layer Langmuir-Schaefer technique
as outlined elsewhere [16]. Essentially, this is a top and bottom gated transistor structure,
as indicated in Fig. 5.3(b). A single ferroelectric domain, perpendicular to the plane, was
achieved using an electric field (around 300 MV/m) applied perpendicular to the PVDFHFP layer or about 3 times the coercive field of PVDF-HFP for this structure (around 100
MV/m, which is about 2-3 V for this structure, as seen in Fig 5.3(c)). For the conductance
measurements, the electric field was applied in-plane, at less than 0.2 mV/m or much
smaller than the coercive field of the ferroelectric polymer. All applied voltage and current
measurements are d.c.
In the second type of sample structure studied, 20 nm [Fe{H2B(pz)2}2(bipy)] thin
films were deposited on top of 200 nm thick croconic acid thin films pre-grown by physical
vapor deposition on silicon oxide substrates. The silicon oxide substrate has preprinted
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interdigitated gold electrodes with gaps of 260 nm, as shown in Fig 5.4(a). The electrodes
were fabricated by electron beam lithography (EBL) and the lift-off process. Electron beam
lithography was performed to define the electrode-patterns. In the final product, the
measured width and gap between the electrodes were 10 µm and 260 nm respectively. Due
to the roughness of the croconic acid layer, this device structure is essentially a twoterminal diode/capacitor-like structure.

5.3. Isothermal Switching of the Molecular Electronic Structure
Previous studies [12] have shown that the spin state of films of
[Fe{H2B(pz)2}2(bipy)], 10-25 molecules thick, on poled polyvinylidene fluoridetrifluoroethylene (PVDF) retains a majority of the low spin state when ferroelectric
polarization is directed away from [Fe{H2B(pz)2}2(bipy)] (PVDF-HFP away) and switches
to the high spin state when ferroelectric polarization is directed towards
[Fe{H2B(pz)2}2(bipy)] (PVDF-HFP towards). This has been seen in the X-ray absorption
spectra of the heterostructure thin film here taken at room temperature (Fig. 5.2(b)). The
spin state of 20 nm [Fe{H2B(pz)2}2(bipy)] thin films, as deposited on top of 200 nm thick
croconic acid thin films, is largely in the low spin state, as indicated by the X-ray absorption
spectrum in Fig. 5.2(b) (the spectrum labeled “croconic acid”). As described in previous
chapters, these XAS spectra provide an indication of spin state occupancy, with the spectra
in red, in Figure 5.2, indicating high spin state occupancy and the spectra in blue, in Figure
5.2, indicating low spin state occupancy.
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Fig. 5.2 (a) The thermal spin crossover transition compared to (b) the voltage-control of the spin state of
[Fe{H2B(pz)2}2(bipy)] thin films on PVDF-HFP ferroelectric substrates and croconic acid. The X-ray
absorption spectra indicate that [Fe{H2B(pz)2}2(bipy)] is mostly pinned in the low spin (LS) state when the
ferroelectric polarization of PVDF-HFP is directed away from [Fe{H2B(pz)2}2(bipy)] (curve PVDF-HFP
away) and switches to the high spin (HS) state when the ferroelectric polarization of PVDF-HFP is directed
towards [Fe{H2B(pz)2}2(bipy)] (curve PVDF-HFP towards). [Fe{H2B(pz)2}2(bipy)] on croconic acid
remains in the low spin state, in the absence of an applied voltage (curve croconic acid) [10].

We observed that with the ferroelectric polarization directed away from
[Fe{H2B(pz)2}2(bipy)], the ferroelectric locking of the low spin state is imperfect. There is
some contribution of the high spin state occupancy observed in the X-ray absorption, not
suggested in previous work of [Fe{H2B(pz)2}2(bipy)] on PVDF [12], where the molecular
spin crossover film thickness is thinner. We need to consider that the [Fe{H2B(pz)2}2(bipy)]
thin film may be insufficiently thin in places. Previous work [12] indicates that
ferroelectrically poled polyvinylidene fluoride will typically only pin 20 to 25 molecular
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layers of [Fe{H2B(pz)2}2(bipy)], in the low or high spin state. Thus, excess
[Fe{H2B(pz)2}2(bipy)], in this case, a film thickness in the region of 25 - 40 layers, cannot
reasonably be expected to be fully pinned in the low spin state by the ferroelectric interface.
Effectively, the excess [Fe{H2B(pz)2}2(bipy)] would lead to contributions of a high spin
state component to the X-ray absorption spectra (Fig. 5.2(b) PVDF-HFP away), as no
longer would all of the spin crossover molecular complex be locked in the low spin state
by the molecular ferroelectric substrate. On the other hand, [Fe{H2B(pz)2}2(bipy)] switches
fully to the high spin (HS) state when ferroelectric polarization is directed towards the spin
crossover molecule. For films of [Fe{H2B(pz)2}2(bipy)] greater than 25 molecular layers
thick, spin state bistability cannot be excluded [17].
The isothermal switching of the molecular spin state appears to require an
insulating substrate [7,11,18]. This is consistent with the observation of the scanning
tunneling microscopy (STM) tip manipulation of the spin state of Fe(1,10phenanthroline)2(NCS)2 on a dielectric substrate like CuN [5]. A transition induced by the
boundary layer with a ferroelectric on a spin crossover molecular complex like
[Fe{H2B(pz)2}2(bipy)] is expected to be nonvolatile [12], especially because charge
displacement has been implicated in establishing the spin state [11].

5.4. Conductance Change Associated with Spin State Switching
The longitudinal conductance changes of [Fe{H2B(pz)2}2(bipy)] thin films on
PVDF-HFP ferroelectric substrates are also nonvolatile, as indicated in Fig. 5.3. This
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conductance change follows the switching in the ferroelectric polarization made by the
electric field applied between a bottom gate and a removable top gate electrode. In spite of
the fact that the change from the high spin state to the low spin state is incomplete, this
conductance change is significant. Because longitudinal conductance changes of
[Fe{H2B(pz)2}2(bipy)] thin films on PVDF-HFP ferroelectric substrates are also
nonvolatile (retained in the absence of the applied electric field), this permitted the
confirmation of the spin state by X-ray absorption experiments, as indicated in Fig. 5.2.

Fig. 5.3 (a) The switching of conductance for [Fe{H2B(pz)2}2(bipy)] on PVDF-HFP, for a transistor structure
(b). [Fe{H2B(pz)2}2(bipy)] is pinned mostly in the low spin (LS) state when the ferroelectric polarization of
PVDF-HFP is directed away from the molecule (PVDF away), leading to low conductance (black).
[Fe{H2B(pz)2}2(bipy)] is pinned in the high spin (HS) state when the PVDF-HFP ferroelectric polarization
is directed towards [Fe{H2B(pz)2}2(bipy)] (red), leading to higher conductance. The hysteresis loop for the
PVDF-HFP, perpendicular to the plane, as applies here, is shown in (c) [10].
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Nonvolatile voltage-controlled switching of the spin state is evident for
[Fe{H2B(pz)2}2(bipy)] thin films deposited on ferroelectric croconic acid thin films as well.
The nonvolatile switching between two resistance states is evident in the resistance, as seen
in Fig. 5.4. The resistance switching is reproducible, as indicated, and follows the expected
ferroelectric switching of croconic acid [13], where the coercive voltages seen here (6–9
V) are found to be similar to previous results (about 4V) [14]. The voltage-controlled
switching of the spin state cannot be followed with X-ray absorption measurements,
because the synchrotron beam spot size is 180 µm by 80 µm while the gap between
electrodes is 260 nm. We cannot, therefore, provide accompanying proof from X-ray
absorption as to any change in the molecular spin state. Yet, given the symmetry of the
device structure, there should be no resistance change with ferroelectric domain reversal,
if changes in the spin state (and hence resistance) of the [Fe{H2B(pz)2}2(bipy)] thin film
are excluded.
There is evidence of an influence of the ferroelectric interface, and the change in
the interdigitated croconic acid ferroelectric domain polarization, upon a spin crossover
complex [Fe{H2B(pz)2}2(bipy)]. The nonvolatile change in resistance in Fig 5.4 is much
smaller than seen from the conductance change seen for [Fe{H2B(pz)2}2(bipy)] thin films
on PVDF-HFP ferroelectric substrates. Nonetheless, switching of the spin state, for at least
a partial volume of the [Fe{H2B(pz)2}2(bipy)] thin film, leads to a different resistance state,
which is retained after the applied voltage is removed. The voltage-controlled switching of
the [Fe{H2B(pz)2}2(bipy)] / croconic acid bilayer is very reproducible (Fig 5.4(c)).
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Fig. 5.4 (a) The scanning electron microscopy image of the substrate, with Au electrodes. (b) The schematic
structure of junctions in the device of 20nm [Fe{H2B(pz)2}2(bipy)] deposited on top of 200 nm thick croconic
acid on the substrate. (c) Resistance of the device measured at 1 V (less than the coercive voltage for
ferroelectric switching of this croconic acid film at room temperature), after applying a poling voltage (Vpol)
displayed as the horizontal voltage at room temperature. Two successive loops are shown, first red and then
blue, indicating reproducibility [10].

While the ferroelectric polarization of croconic acid is in-plane here, in these twoterminal measurements, the switching of the [Fe{H2B(pz)2}2(bipy)] spin state depends on
the roughness of the croconic acid layer. The croconic acid layer, as deposited here, is quite
rough [13] compared to Langmuir Blodgett deposited PVDF [19]. In additional
experiments, we find that with very small gaps, of 150nm, voltage controlled switching of
the conductance, associated with the change in the spin state of [Fe{H2B(pz)2}2(bipy)],
occurs at voltages much higher than the coercive voltage of croconic acid (15 V as
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compared to 6 - 10 V [13]). The retention of the voltage-controlled resistance switching of
[Fe{H2B(pz)2}2(bipy)] was lost at zero bias (Fig 5.5), consistent with previous results
[3,5,6]. With a more uniform ferroelectric layer and the ferroelectric domains poled inplane, the longitudinal conductance changes of [Fe{H2B(pz)2}2(bipy)] thin films become
insensitive to the ferroelectric polarization. Under these conditions there is no nonvolatile
conductance change at zero bias. This points to the difficulties in constructing a device
with smaller gaps between electrodes, where the ferroelectric croconic acid no longer locks
the [Fe{H2B(pz)2}2(bipy)] spin state in the absence of an applied voltage. The absence of
small amounts of polarization canting and diminished roughness on the scale of the gap
between electrodes is implicated.

Fig. 5.5 The conductance change with applied voltage of a 20 nm [Fe{H2B(pz)2}2(bipy)] thin film deposited
on top of a uniform croconic acid thin film. Longitudinal voltage was applied on different junctions and the
measurement was taken at room temperature [10].
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Moreover, after zooming in the top right half loop of the curve in Fig 5.5, we have
obtained a current ON/OFF ratio of 104, with 103 near threshold voltage (Fig. 5.6). This
high ON/OFF ratio suggests that the changes in conductance, associated with a spin state
change, can be engineered to be very significant. Thus, such devices, based on a change of
molecular spin state, should exhibit a high level of fidelity in possible molecular electronics
applications. A moderately high ratio of more than 103 allows for faster sense amplifiers
and a variety of memory configurations. This suggests that there is promises for these types
of devices. However, from the geometry of the device we can estimate that the resistance
in the ON state is about 103 Ohms and 106 Ohms in the OFF state. For a nanoscale device,
this presents a serious problem because if the resistance scales with size, the nanoscale
device will have a total resistance that diminishes utility. This means that additive must be
sought that increase conductivity within the spin crossover molecular layer but does not
lead to a locking of the spin state.

Fig. 5.6 Zoomed-in conductance change of the 20 nm [Fe{H2B(pz)2}2(bipy)] thin film deposited on croconic
acid thin film from Fig. 5.5, showing high ON/OFF ratio.
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The mechanism for the higher conductance of [Fe{H2B(pz)2}2(bipy)] thin films in
the high spin state as compared to the conductance in the low spin state has not been
directly determined from these measurements. It is known that the difference between the
highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) is much larger (by about 2 eV [12]) for the low spin state compared to the high
spin state of [Fe{H2B(pz)2}2(bipy)]. A smaller band gap for the high spin state of
[Fe{H2B(pz)2}2(bipy)] is consistent with higher conductance observed. For the spin
crossover

complex

[Fe(bpz)2phen]

5)pyridine)bis(isothiocyanato)]

[1],

[2],

Fe(trans-bis(3-(2-pyridyl)(1,2,3)triazolo(1-

Rb0.8Mn[Fe(CN)6]0.93·1.62H2O

[3],

and

[Fe(phen)2(NCS)2] [5], higher conductance was also seen for the high spin state. On the
other hand, [Fe(Htrz)2(trz)](BF4) [20], [Fe(PM-AzA)2(NCS)2] [21], and [Fe(HB(pz)3)2] [4]
were observed to have much higher conductance in the low spin state as compared to the
high spin state. We can relate the change in the spin state to changes in the conductance for
[Fe{H2B(pz)2}2(bipy)] thin films very clearly for [Fe{H2B(pz)2}2(bipy)] on the PVDFHFP ferroelectric co-polymer thin film.

5.5. Summary
It is now clear that utilizing a spin crossover molecular film in combination with a
molecular ferroelectric, fabrication of molecular multiferroic devices is indeed possible.
The expectation that room temperature nonvolatile voltage-controlled switching of the spin
state is possible, not just for an individual molecule but an entire thin film, is suggested by
results that indicate the choice of ferroelectric polarization of the molecular ferroelectrics
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will lock [Fe{H2B(pz)2}2(bipy)] either in the high spin state or in the low spin state at room
temperature as shown here and described elsewhere [12]. Nonvolatility arises from the
interface with nonconducting ferroelectrics. The isothermal switching of molecular spin
state is evident in thin film bilayer structures where the molecular spin crossover film is
adjacent to a molecular ferroelectric. The adjacent molecular ferroelectric, either
polyvinylidene fluoride hexafluoropropylene or croconic acid, appears to lock the spin
crossover [Fe{H2B(pz)2}2(bipy)] molecular complex largely in the low or high spin state
depending on the direction of ferroelectric polarization. In both a planar two terminal diode
structure and a transistor structure, the voltage controlled isothermal reversible spin
crossover switching is accompanied by a resistance change and is seen to be nonvolatile,
i.e., retained in the absence of an applied electric field. The result appears general, as the
voltage controlled nonvolatile switching can be made to work with two different molecular
ferroelectrics: croconic acid and polyvinylidene fluoride hexafluoropropylene.
The significance of this study is that this provides evidence of nonvolatile
isothermal electrical switching of an Fe (II) spin crossover complex at room temperature,
when the molecules are combined with a suitable ferroelectric. This voltage-controlled
switching of the spin state is accompanied by a conductance change and can be engineered
to be nonvolatile. There is now clear evidence that a molecular multiferroic is possible.
The use of these two very different molecular ferroelectrics demonstrates the generality of
the interaction between ferroelectrics and spin crossover molecules, but a different
fabrication process is needed for different types of device structures, as the routes to
forming the molecular ferroelectric thin film are different.
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Chapter VI.
THE ENERGY LANDSCAPE OF SPIN STATE TRANSITION

6.1. Introduction
From the prior discussion in chapter 4, [Fe{H2B(pz)2}2(bipy)] complex can be
locked in a largely low spin state configuration over a temperature range that includes
temperatures well above the thermal spin crossover temperature of 160 K [1–6]. This
locking is achieved for this complex in two distinct ways; through interactions with a
substrate on which it is deposited as a nanometer thin film [1–6] or in powder samples by
mixing

with

the

strongly

dipolar

zwitterionic

p-benzoquinonemonoimine

C6H2(···NH2)2(···O)2, as indicated in Fig 6.1 and also [1]. Remarkably, for both cases, it
has been demonstrated that incident X-ray fluences will restore the high spin state of the
[Fe{H2B(pz)2}2(bipy)] moiety at temperatures well above the spin crossover transition
temperature for the pristine powder and well above the temperature characteristics of Xray-induced excited spin-state trapping [1].
Qualitatively, the rate of the soft X-ray induced spin crossover transition increases
with increasing temperature. The consequence is that this largely electronic excitation has
a thermal activation component estimated for ultrathin molecular films of
[Fe{H2B(pz)2}2(bipy)] on SiO2 to be about 60 ± 7 meV per molecule [1]. This value is
_______________
Note: Part of this chapter’s context is published in [7], Adapted / reproduced from [7] with permission from
the Institute of Physics Publishing.
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Fig. 6.1 (a) The temperature dependent X-ray absorption spectra of [Fe{H2B(pz)2}2(bipy)] (molecule 1)
powder across the thermal spin crossover transition, at the Fe 2p3/2 edge. (b) The [Fe{H2B(pz)2}2(bipy)]
moiety 1 is locked largely in the low spin state, when mixed with p-benzoquinonemonoimine
C6H2(···NH2)2(···O)2 (molecule 2) in the ratio of 1:2. (c) The related temperature evolution of the fraction of
high spin [Fe{H2B(pz)2}2(bipy)] moiety (blue circles) and [Fe{H2B(pz)2}2(bipy)] mixed with
C6H2(···NH2)2(···O)2 (red squares), in the ratio of 1:2, derived from the X-ray absorption spectra (a) and (b).
The latter shows very little temperature dependence from the roughly 1/3 high spin state 2/3 low spin state
occupancy [7]. Figure courtesy of Dr. Paulo S. Costa.

close to enthalpy variation associated with the thermal spin transition, which has been
determined to be in the region of 80 meV for [Fe{H2B(pz)2}2(bipy)] [8]. At issue is whether
coordination of [Fe{H2B(pz)2}2(bipy)] with zwitterionic p-benzoquinonemonoimine
C6H2(···NH2)2(···O)2 retains a thermal component to the soft X-ray induced spin crossover
transition exists in the switching of a spin crossover compound. As discussed here, the
thermal activation barrier in this soft X-ray induced spin crossover transition from a
“locked” largely low spin state to a high spin state for powdered mixtures with dipolar
additives not only exists, but is very much reduced.
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This chapter sheds lights on the fact that, the thermal component to the soft X-ray
induced spin crossover transition also exists the thin film scenario, and is much reduced by
application of a magnetic field. A prior study has shown that the application of a magnetic
field tends to relax [Fe{H2B(pz)2}2(bipy)] thin films back to the low spin state after the
molecule has been excited to the high spin state via soft X-ray illumination [9]. This
suggests that an applied magnetic field may lower the activation barriers separating high
spin and low spin states (Fig 6.2).

Fig. 6.2 A schematic that illustrate the effect of external magnetic field to the spin crossover molecular system.

A lowering of the high spin state free energy and a decrease in the activation barrier
separating the high spin state and the low spin state by application of a magnetic field has
also suggested for other molecular systems such as Fe(phen)2(NCS)2 [10]. Here we will
talk about the X-ray induced spin crossover transition of [Fe{H2B(pz)2}2(bipy)] thin films
in the presence and absence of a magnetic field, as well as the magnetic field induced
perturbation of the low spin to high spin state barrier. In brief, we have observed through
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X-ray absorption spectroscopy that the thermal activation energy barrier is reduced in the
presence of an applied magnetic field for the soft X-ray activation of the spin crossover
transition in [Fe{H2B(pz)2}2(bipy)] molecular thin films. The influence of magnetic field
is sufficient to cause deviations from the expected exponential behavior.
It should be noted that there are studies where magnetic fields have been seen to
affect excitation and de-excitation in molecules [11–16], but these studies are molecular
systems like anthracene and rubrene. In those circumstances the effect arises due to the
coupling of a molecule in the electronic singlet ground state with an adjacent molecule in
the first excited singlet state to form a correlated triplet-pair state. In the case of
[Fe{H2B(pz)2}2(bipy)], the excitation is accompanied by a spin state change [1,9], and
perturbations to the spin state transition by a magnetic field is a step toward elucidating the
origin of any magneto-electric coupling.

6.2. Experimental Details
Both spin crossover complex [Fe{H2B(pz)2}2(bipy)] [17] and the zwitterion
C6H2(···NH2)2(···O)2 [18–21] were synthesized using published methods, and provided by
Prof. Jian Zhang and Prof. Lucie Routaboul respectively. These powders were
subsequently combined by mixing weighted quantities in the desired molar ratios by Dr.
Paulo Costa. The mixtures are immersed in isopropyl alcohol and placed in an ultrasonic
bath for 60 min. The solutions were dilute, of the order of 1/10 molar solutions. The solvent
was then allowed to evaporate in air, leaving behind the powdered samples, following the
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procedures previously described in a similar study [1]. Core molecular integrity of
[Fe{H2B(pz)2}2(bipy)] has been previously established by infrared and Raman
spectroscopy, as described in [1] and chapter 4. Several ratios of the molecular mixtures
were examined: 1:2, 1:4, and 1:10.
The X-ray absorption spectroscopy (XAS) measurements of the Fe L3 absorption
edges were taken at the Advanced Light Source same as described in previous chapters.
The problem faced in these specific experiments is that the X-rays initiate a spin state
change, as discussed in previous chapters. This means data must be acquired rapidly, so as
avoid having the measured spin state occupancy to be too badly affected by the
measurement process. The route to achieving this, while retaining reliable assessment of
the spin state, is to increase the speed at which data is acquired. This translates into a
degradation of resolution as the alternative is a huge decrease in signal to noise. For the
molecular mixture study, this degraded resolution is evident in the difference in peak
widths in the spectra seen in Fig 6.1(a)(b) and Fig 6.3(a) is due to differences in
measurement parameters. In particular, the spectra in Fig 6.3(a) were taken quickly in order
to track the rapid initial spin state evolution of the sample when exposed to X-rays. As a
consequence, the feature resolution of the spectra in Fig 6.1(b) and 6.3(a) is poorer than of
the spectra seen in Fig 6.1(a).
In the thin film study, the [Fe{H2B(pz)2}2(bipy)] molecular thin film was thermally
evaporated on ~100 nm nickel cobaltate NiCo2O4 (111) thin films grown on Al2O3 (001)
substrates by pulsed laser deposition (PLD) [1,9,17,22–25], by Dr. Xuanyuan Jiang and
Corbyn Mellinger. The [Fe{H2B(pz)2}2(bipy)] SCO molecular films were nominally 15
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nm thick. It has been established that a NiCo2O4 (111) substrate will lock a 10 to 15 nm
[Fe{H2B(pz)2}2(bipy)] spin crossover molecular thin film largely in the low spin state
almost independent of temperature [9]. The magnetic properties of the NiCo2O4 (111) thin
films have been studied systematically [26,27]. In particular, for the semiconducting
NiCo2O4 (111) films grown on Al2O3 (001) film, ferrimagnetism occurs below Tc = 330 K.
Although the easy axis is not along the out-of-plane direction, there is significant
remanence (> 50% saturation value) with a coercivity about 1000 Oe [26]. These
experimentally advantageous parameters make NiCo2O4(111) very suitable as the substrate
for the [Fe{H2B(pz)2}2(bipy)] thin film. Similarly, to get into the high spin state, soft Xray illumination has been seen to be effective, and as noted previously [9]. The XAS spectra
were taken both in the absence of an applied magnetic field as well as in the presence of a
1.8 T applied magnetic field, with the field applied perpendicular to the plane of the film.
The sample temperature was allowed to equilibrate for at least 2 hours at each temperature
before the measurement ensuring not only a stable temperature but also negligible
positional drift. The total electron yield (TEY) mode was used for the measurement.

6.3. Soft X-ray Excitation of the Molecular Mixture
As demonstrated in chapter 3 and 4, the “empty t2g / empty eg” ratio is an empirical
approximation that provides a fairly direct method [3,28] to extract the occupancy of the
high spin state, and it is in good agreement with theoretical expectations [28]. Again, we
used this method here in Fig 6.1(c) (shown at the beginning of this chapter) to compare the
temperature dependence of the spin state of [Fe{H2B(pz)2}2(bipy)] mixed with dipolar
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zwitterionic C6H2(···NH2)2(···O)2 to data from pristine [Fe{H2B(pz)2}2(bipy)] powder. It is
worthy to note that in the pristine powder, the spin crossover transition occurs at a
somewhat lower temperature, as measured by X-ray absorption, than the accepted spin
crossover transition temperature of 160K [5,8,17,29], as already noted elsewhere [28].
Importantly, the [Fe{H2B(pz)2}2(bipy)] high spin state and the spin crossover transition are
suppressed when zwitterionic C6H2(···NH2)2(···O)2 is added (Fig 6.1(b)) [1]. Specifically,
less than roughly 1/3 of the powder are in the high-spin state across the entire temperature
range investigated, as determined from the “empty t2g / empty eg” ratio in Fig 6.1(c). The
spin state locking of the molecular mixture does not only occur for the ratio of 1:2 (as
indicated in Fig 6.1), but also for ratios of 1:4 and 1:10.

Fig. 6.3 (a) The time evolution of the X-ray absorption at 297 K for the molecular mixture in the ratio of 1:2.
The [Fe{H2B(pz)2}2(bipy)] moiety trapped in the low spin state evolves into a high spin state under soft Xray exposure (with the time increasing from bottom to top) in a process analogous to soft X-ray induced
excited spin state trapping (SOXIESST), even though here this occurs at higher temperatures. (b) The time
evolution of the high state (HS) fraction of [Fe{H2B(pz)2}2(bipy)] in the 1:2 molecular mixture at 200 K
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(green, lower curve), 300 K (red, middle curve), and 400 K (blue, upper curve). The trapped LS state evolves
into a HS state under soft X-ray illumination [7]. Figure courtesy of Dr. Paulo S. Costa.

The time evolution of the X-ray absorption spectra during exposure of the X-ray to
the molecular mixture at a constant temperature around 297K has been shown in details in
Fig 6.3. We observed a systematic decrease of the eg peak and an increase of the t2g peak.
This is reminiscent of the soft X-ray induced excited spin state trapping (SOXIESST), or
simply saying the “unlocking” of the low spin state. This allows a transition to the high
spin state occurring well above the thermal transition temperature, as seen in Fig 6.3. We
find that the X-ray induced excited spin state transition to the high spin state from a
suppressed low spin state shows the same time evolution for the molecular mixture across
the ratios of 1:2, 1:4 and 1:10, as seen in Fig 6.4 below.

Fig. 6.4 (a) The evolution of the XAS signal at 297 K of [Fe{H2B(pz)2}2(bipy)] mixed with dipolar
zwitterionic C6H2(···NH2)2(···O)2 in the ratio of (a)1:2, (b)1:4, and (c)1:10 [7]. Figure courtesy of Dr. Paulo
S. Costa.
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6.4. The Thermal Component of the Activation Barrier
Although pinned in the largely low spin state by zwitterionic additions,
[Fe{H2B(pz)2}2(bipy)] undergoes a transition to the high spin state when exposed to soft
X-rays. This soft X-ray induced spin crossover transition increases in rate with increasing
temperature, achieving nearly 60% high spin state occupancy within roughly 100 min of
exposure at 200K, and 30 min at 400 K (Fig 6.3). This increasing rate of this SOXIESST
process with increasing temperature above the traditional thermal spin crossover transition
temperature suggests that this “unlocking” effect is a thermally-activated process, as
previously discussed in other studies [1].
In order to extract this thermal component, Arrhenius equation has been used to
calculate the activation energy of this LS to HS transition. The Arrhenius equation,
proposed by Swedish chemist Svante Arrhenius, speaks the nature of the chemical reaction
rate to the temperature in general:
45,

𝑘 = 𝐴𝑒 67

(6.1)

Where k is the rate constant, A is the reaction-specific pre-exponential factor, R is the
universal gas constant, T is the absolute temperature, and Ea is the activation energy of the
reaction. Performing a natural logarithm transformation to the equation yields:

ln 𝑘 =

'8,
9

:

@;A + ln 𝐴

(6.2)

The Arrhenius plot maps the linear relationship between lnk and the reciprocal of the
temperature, and the activation energy Ea could be determined via the slope of the straight
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line. The results of the spin crossover transition of the molecular mixture have been shown
in Fig 6.5. By assuming a constant pre-exponential factor (lnA is a constant), an activation
energy of 15 ± 3 meV per [Fe{H2B(pz)2}2(bipy)] molecule can be estimated for the soft Xray induced evolution to the high spin state with time, in the ratio of 1:2. This activation
energy is close to the value of 18 ± 3 meV per [Fe{H2B(pz)2}2(bipy)] molecule moiety,
and 14 ± 3 meV per [Fe{H2B(pz)2}2(bipy)] moiety that we estimated for mixtures in the
ratio of 1:4 and 1:10 respectively.

Fig. 6.5 The Arrhenius plot of the excitation of the high spin state fraction for [Fe{H2B(pz)2}2(bipy)] mixed
with dipolar zwitterionic C6H2(···NH2)2(···O)2 in the ratio of 1:2 (blue circles), 1:4 (red squares), 1:10 (green
triangles), the y-axis ln(R) stands for the natural logarithm of the transition rate, which is lnk in the equation
[7]. Figure courtesy of Dr. Paulo S. Costa.

Obviously, there is only little variation in the thermal activation energies of the soft
X-ray induced spin crossover transition with the mixing ratio of these 2 molecules in the
range we investigated. This absence of any mixing ratio dependence suggests that only a
limited

number

of

zwitterionic

C6H2(···NH2)2(···O)2

coordinate

with

each

101
[Fe{H2B(pz)2}2(bipy)] and that this number varies little. What is important to note is that
these activation energies are much smaller than the value of approximately 60 ± 7 meV per
[Fe{H2B(pz)2}2(bipy)] molecule, found earlier for ultrathin molecular films of
[Fe{H2B(pz)2}2(bipy)] on SiO2 substrate [1], and also much smaller than the enthalpy
variation associated with the thermal spin transition, which has been determined to be in
the region of 80 meV [8]. This much smaller activation energy here bespeaks to a strong
perturbation of the ligand field of [Fe{H2B(pz)2}2(bipy)] by zwitterionic additives. Such a
perturbation of the ligand field has been suggested by density functional theory reported
elsewhere [1] and the experiment discussed here provides some experimental confirmation
of such predictions.

6.5. Effects of the Magnetic Field to the SCO Transition
As noted at the introduction, the second part of this chapter discusses the alteration
of this energy barrier in the thin film case, and the stimulus we investigated here is the
magnetic field. Similar to previously reported [9], a soft X-ray fluence has been seen to be
effective in exciting the [Fe{H2B(pz)2}2(bipy)] thin films on NiCo2O4 (111) from the low
spin state to the high spin state, and the result is shown in Fig 6.6 as sets of X-ray absorption
spectra. Because of the stability of the [Fe{H2B(pz)2}2(bipy)] thin film on NiCo2O4 (111),
the experiments can be repeated at several different temperatures. What’s important to note
is that, the magnetic field has been seen to perturb the [Fe{H2B(pz)2}2(bipy)] thin film spin
state on NiCo2O4 (111) [9].
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Fig. 6.6 The time evolution of the X-ray absorption spectra of [Fe{H2B(pz)2}2(bipy)], with and without an
applied 1.8 T magnetic field, under a constant incident X-ray fluence at 300 K, 250K and 200 K. The spectra
in blue are indicative of a film in largely low spin state (roughly 30% high spin), while the spectra in red are
largely indicative of high spin state.

From Fig 6.6, the evolution of the spectra that occurs with an incident X-ray fluence
differs slightly on the presence of an external magnetic field. As the photon flux is
controlled to remain the same across experiment, the XAS spectra indicate differences in
the spin state occupancy after the same X-ray exposure and the only variable left for an
effect is the applied external magnetic field. For instance, in the time evolution at 300 K
(Fig 6.6 the first to the left), after 3000 s of the X-ray exposure in the absence of an applied
magnetic field, the [Fe{H2B(pz)2}2(bipy)] molecular thin film resides well more than 80%
in the high spin state. In the presence of a 1.8 T out-of-plane applied magnetic field,
however, the [Fe{H2B(pz)2}2(bipy)] molecular thin film resides in a mixed spin state, as
indicated from the XAS spectra (Fig 6.6 second to the left). Differences in the spin state
occupancy are evident at other temperatures as well, from Fig 6.6. This is consistent with
prior observations that the magnetic field has been seen to perturb the
[Fe{H2B(pz)2}2(bipy)] thin film spin state on NiCo2O4 (111) [9].
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To clarify this soft X-ray induced spin state evolution, with and without an applied
magnetic field, the empirical “empty t2g / empty eg” signature has been used again to
indicate the high spin (HS) state occupancy for each spectrum, as has been listed in section
6.3 and other studies [1,7,9,17,22–24,30]. Such analysis of the XAS spectra has been
shown to be in agreement with theory as the spin state occupancy changes [30]. The results
of the occupancy evolution are plotted in Fig 6.7 for 3 different temperatures: 300 K, 250
K and 200 K:

Fig. 6.7 The evolution of the high spin state occupancy in the [Fe{H2B(pz)2}2(bipy)] molecular thin film that
accompany an incident soft X-ray fluence are plotted for a) 300 K, b) 250 K and c) 200 K, in the absence of
an applied magnetic field (black) as well as in the presence of a 1.8 T applied magnetic field (red and blue).
Exponential fits to the high spin state conversion in the absence of an applied magnetic field are indicated
(black solid lines).

The evolution towards the high spin state is the result of the X-ray fluence
overcoming the tendency of the substrate to lock the [Fe{H2B(pz)2}2(bipy)] molecular thin
film in the low spin state. As noted, interactions with the substrate stabilize
[Fe{H2B(pz)2}2(bipy)] molecular thin films in the low spin state to temperatures well above
natural low spin state to high spin state transition temperature, which is about 160 K
[8,9,17,22,23,29,30]. In the presence of an applied magnetic field, the initial increase
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towards the high spin state occupancy is rapid (red shaded curves in Fig 6.7). We denote
this initial increase in high spin state occupancy as regime I. This is followed by a slower
and more linear increase in high spin state occupancy (the blue shaded curves in Fig 7.3).
We denote this latter evolution toward the high spin state in an applied magnetic field as
regime II. This evolution towards high spin state occupancy behavior in an applied
magnetic field differs significantly from the exponential increase in high spin state
occupancy, which is observed in the absence of an applied magnetic field (black shaded
curves in Fig 6.7).

6.6. Magnetic Field Perturbation to the Activation Barrier
In a similar fashion of section 6.4, the temperature dependence of the spin state
evolution provides an opportunity to estimate the thermal component of the activation
barrier in this X-ray induced transition. Arrhenius rate plots with temperature (Fig 6.8)
were obtained based on the high spin occupancy results shown above. Assuming a constant
pre-exponential factor, in the absence of an applied magnetic field, an activation barrier of
14.5 ± 1.5 meV per molecule is calculated. The initial rates of [Fe{H2B(pz)2}2(bipy)]
conversion to high spin state in an applied magnetic field (regime I in Fig 6.7) suggests a
somewhat lower activation energy of 7.2. ± 2 meV. After a significant fraction of the film
has already converted to the high spin state (regime II in Fig 6.7), the activation energy in
an applied magnetic field is again restored to 15.9 ± 2.7 meV, as indicated by the inset in
Fig 6.8. A magnetic field dependence on the free energy and activation barrier has been
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suggested for the Fe(phen)2(NCS)2 spin state transition [10], thus the effect of larger
magnetic fields is of considerable interest.

Fig. 6.8 The temperature dependent Arrhenius plots of the conversion rate to a high spin state for
[Fe{H2B(pz)2}2(bipy)] thin films on NiCo2O4 (111), induced by a soft X-ray fluence. In the absence of an
applied magnetic field, this temperature dependence indicates a thermal component of the activation energy
of 14.5 ± 1.5 meV (black). When 1.8 T external magnetic field is applied (regime I, Fig 6.7), the Arrhenius
plot for the initial period suggests a thermal component of 7.2 ± 2 meV of the activation energy (red). The
inset is the Arrhenius plot for the following 1.8 T transition to the high spin state when a significant fraction
of the [Fe{H2B(pz)2}2(bipy)] thin film on NiCo2O4 (111) has converted to the high spin state (regime II, Fig
6.7) and indicates a thermal component of 15.9. ± 2.7 meV of the activation energy (blue).

The indication that there is a decrease in the thermal component to the activation
energy is also evident in the conversion rate curves of Figure 6.7 for this X-ray induced
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transition. When the [Fe{H2B(pz)2}2(bipy)] high spin state occupancy increases enough, it
is clear that X-ray induced photo-excitation begins to compete with the conversion back to
the low spin state favored by the [Fe{H2B(pz)2}2(bipy)] interaction with the NiCo2O4 (111)
substrate. This is certainly consistent with a nearly 50% decline in activation energy with
the application of a magnetic field. Inhomogeneities cannot be excluded by this data. It is
possible that the thermal energy barriers towards conversion to the high spin state or back
conversion to the low spin state is only lowered for a partial of the film, while remained
either unchanged or retaining a different value for another part of the film.
It is worthy to note that the presence of this low spin state back-conversion prevents
a full conversion into the high spin state, when there is an applied magnetic field. Indeed,
this enhanced back-conversion to the low spin state has been seen previously for
[Fe{H2B(pz)2}2(bipy)] thin films, as a result of applied magnetic field [9]. It is then the
competition between excitation to the high spin state and the enhanced back conversion to
the low spin state that leads to the apparent increase in the thermal component of the
activation energy. The appearance of two regimes in the soft X-ray fluence induced
evolution (regime I and II in Fig 6.7) can be explained by two separate conversion rates, as
indicated in models of the spin crossover plotted in Fig 6.9. These two separate conversion
rate are either induced by heterogeneity, or by a different behavior of the film depending
on the proximity to the substrate or vacuum interface, as it has been observed in other
studies [22].
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Fig. 6.9 A simulation of the evolution of the high spin state occupancy in the [Fe{H2B(pz)2}2(bipy)]
molecular thin film, assuming a simple excitation rate uniformly throughout the film (blue), and an
inhomogeneous excitation process where 40 % of the film is activated with one constant rate and 60% of the
film at a lower rate that is 10% of the higher rate (orange). Figure courtesy of Dr. Alpha T. N’Diaye.

Magnetic anisotropy is very characteristic of local moment molecular systems [31],
but the low spin state is diamagnetic, even on the large static electric field of a ferroelectric
substrate, magnetization curves of the [Fe{H2B(pz)2}2(bipy)] thin film exhibits no
hysteresis, suggesting that the anisotropy barrier is low [6]. Yet the effect of an anisotropy
barrier resulting from the substrate or cooperative effects cannot be excluded by this data
[22,24].
A single molecule could gain 𝐸 = 𝐻 ⋅ 𝛥𝑚 energy for a moment change under the
presence of a magnetic field, but with a moment change of ∆m=4 µB and an applied field
H=1.8 T, this gain would be 0.42 meV at most. In fact, because of finite temperature effects,
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leading to moment canting, the actual energy in the vicinity of room temperature would be
much smaller. A magnetic field dependent change on an energy scale of several meVs is
well above that level and can only be explained by cooperative coupling of molecule
ensembles. This suggests that the spin crossover occurs collectively with a cluster of
molecules, in consistency with previous work which indicates spin-state domains in
[Fe{H2B(pz)2}2(bipy)] thin films, and also the cluster study has been partially mentioned
in chapter 3 [22].
Furthermore, in comparison, these activation energy values of 14.5 to 15.9 meV
per molecule are close to the 14 to 18 meV value of the thermal activation energy
component of the X-ray fluence induced transition to the high spin state for
[Fe{H2B(pz)2}2(bipy)] locked in the low spin state with zwitterion additions, as described
in section 6.4 and [7]. This similarity suggests that the energetics involved in locking of
[Fe{H2B(pz)2}2(bipy)] in the low spin state by zwitterion additions or by a NiCo2O4 (111)
substrate could be similar in nature.

6.7. Summary
This chapter illustrates that the addition of the strongly dipolar zwitterionic
C6H2(···NH2)2(···O)2 to the Fe(II) spin crossover complex [Fe{H2B(pz)2}2(bipy)] makes a
largely low spin state configuration stable over a temperature range that includes
temperatures well above the thermal spin crossover temperature of 160 K. What is firstly
established here is that there is a residual thermal activation component in the soft X-ray
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induced spin crossover transition of [Fe{H2B(pz)2}2(bipy)] mixed with dipolar additives.
This activation energy of the LS to HS transition is much lower than the enthalpy variation
associated with the thermal spin transition and does not appear to depend significantly on
the ratio of the mixed molecules over the range of 1:2–1:10. This experimental finding
confirms the previous theoretical prediction of a strong susceptibility of the spin state
determining ligand field of [Fe{H2B(pz)2}2(bipy)] to dipolar additives. What’s unique in
this study is that additives are seen to open up pathways to manipulate the spin state
transition without adopting the more common approach of ligand field engineering of the
spin crossover molecules themselves.
The second part of this chapter talks about the possibility to manipulate this
activation energy barrier through the application of magnetic fields. An applied magnetic
field can affect the soft X-ray induced conversion of a locked [Fe{H2B(pz)2}2(bipy)] thin
film spin state. The changes in the X-ray induced spin crossover transition and activation
energy indicate an influence of the magnetic field on the thermal component of the spincrossover transition. Overall, such a magnetic field dependence could have a significant
effect on the magneto-electric coupling, as both magnetic field (as shown here) and electric
field (as previously demonstrated in chapter 5) can influence the spin state transition. If
this holds true for other spin crossover molecular films on other substrates, then there is a
thermodynamic basis for multiferroic behavior and magneto-electric coupling. The
multiferroic nature of [Fe{H2B(pz)2}2(bipy)] is now demonstrated, and from an indirect
point of view, the magneto-electric coupling in this system is also strong.
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Chapter VII.
CONCLUSION AND FUTURE

This thesis work was directed towards the investigation of the spin crossover
molecules and the control of spin state transition in different situations. We have uncovered
the presence of temperature driven bistability and hysteresis behavior of the spin state
perturbed by the presence of substrates. In general, the molecule’s spin state can vary
depending on the surrounding environments, that goes to the cooperative effect (Chapter
3). The addition of various dipolar molecular additives may sometimes affect the
temperature dependence of the spin state occupancy of the target SCO molecule, and this
perturbation, when observed, is not solely due to the electric dipole interaction. With choice
of molecules, more complexities such as re-entrant transition could occur (Chapter 4). The
isothermal voltage control of spin state switching has been successful achieved in the SCO
/ organic ferroelectric thin film heterostructures, in both a three-terminal transistor
geometry and a two-terminal diode scheme. This control is related to the interface effect
between the SCO layer and the ferroelectric substrate, and the mechanism could go beyond
the polarization interaction (Chapter 5). Moreover, the activation energy barrier of the SCO
molecule could be altered by the magnetic field, and it points to the thermodynamic basis
for the multiferroic behavior and magneto-electric coupling within such systems (Chapter
6).

There are several directions that might be pursued going forward that could go
beyond the scope of the current effort reported here. The presence of the cooperativity has
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been observed within the SCO molecular system, but a deep understanding of the
cooperative effects is needed. Based on the X-ray PEEM study mentioned in Chapter 3, we
see the possible formation of spin state grains across the thin film sample. A mapping of
the surface spin state distribution combined with supporting theory could reveal more
information about the short-range intermolecular interaction, and this could be a factor of
consideration when engineering devices with reduced thickness. In such case, interface
effect dominates the whole device performance.

In chapter 5 we have demonstrated a successful nonvolatile switching of SCO
transition. However, from a device perspective, the current three-terminal device has
experienced a large impedance issue when the molecule is switched to the ON state. A
reduction of ON state resistance needs to be explored, one way around this is through some
novel chemistry, as there are indeed a large variety of the SCO molecules beyond the
[Fe{H2B(pz)2}2(bipy)] molecule studied here. The electric property could be tailored by
the chemical structure, and ultimately be made suitable for desired device performance.
Furthermore, the device switching speed as well as endurance need to be studied in such
structures.

So far, we have observed the presence of the magnetic field could lower the
activation energy barrier of the SCO transition, but a detailed mechanism behind the
observation still needs to be drawn. Based on the current data, it is possible that the thermal
energy barriers towards conversion to the high spin state or back conversion to the low spin
state is only lowered for a partial of the film, while remained either unchanged or retaining
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a different value for another part of the film, this points a direction for the future
investigation. Yet the effect of an anisotropy barrier resulting from the substrate or
cooperative effects cannot be excluded by the current data, and needs to be studied to
explain this magnetic field alteration.

